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time-of-flight mass spectroscopy
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MW Weight-average molecular weight
OT Oligothiophenes
OTFT Organic thin film field effect transistor
PAT Poly(3-alkylthiophene)s
PDA-Ac Heptanoic acid (4-aminophenyl)amide
PDI Polydispersity index
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PR-TRMC Pulse-radiolysis time-resolved microwave
conductivity technique
QT , DHQT Dihexylquaterthiophene
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SEM Scanning electron microscopy
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TEM Transmission electron microscopy
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UV-vis Ultraviolet and visible spectroscopy
VD Drain voltage
VG Gate voltage
XRD X-ray diffractometry
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7General introduction
Motivation. The outstanding discovery of Shirakawa, MacDiarmid and Heeger that polymeric
materials, such as doped polyacetylene or polyaniline, show electrical conduction, promoted
general interest in the study of polymers which intrinsic properties are comparable to
semiconductors and metals.1,2 The general attraction of semi-conductive polymeric materials lies
in the potential ease of processing, flexibility and light-weight compared to conventional
inorganic semiconducting materials, as well as their potential to become low cost replacement for
conventional metals and inorganic semiconductors in electronic devices.3 In the last decades
conjugated polymers were applied as active elements in a broad variety of devices including
light-emitting diodes, solar cells, sensors, and field-effect transistors (FETs).4
Although the performance of organic thin-film FETs made from such materials has been
significantly improved during the past years, some important problems still exist that hinder their
industrial application.5,6,7,8 Therefore, a design of novel organic semiconductors which combine
high environmental stability, good solubility, and appropriate charge transport properties is
highly desirable. Oligothiophenes (OTs) represent one of the most promising class of
semiconductive materials for FET fabrication because of their good charge carrier
mobility.9,10,11,12,13,14,15,16,17 However, unsubstituted OTs are insoluble in usual solvents and can be
deposited only by vacuum evaporation that is expensive and problematic from industrial point of
view.
The high charge carrier mobility and poor solubility of sexithiophene (6T) are linked through a
high molecular ordering and side-by-side stacking of aromatic molecules. It has been shown that
the introduction of alkyl groups in α,ω-position17 or short substituents (methyl groups) in β-
position of the conjugated backbone leads to only slight increase of solubility (less than 1 g/L).18
On the other hand, introduction of the larger hexyl groups in β-position makes OTs extremely
soluble but, simultaneously, suppresses a field-effect (FE) mobility, at least in some cases
described in literature. Garnier at al. have introduced a new molecular engineering approach to
design organic semiconductors with desired self-assembly properties through the incorporation of
mesogenic groups in α,ω-position of the aromatic backbone of sexithiophene.19,20 The newly
designed systems show an excellent ability to form extended crystalline structures, a good charge
transport property, but still display a poor solubility. Recently, Feringa at al. have described a
range of OTs with urea moieties in α,ω-position of the backbones.21,22 Due to the combination of
8hydrogen bonding and π-stacking interactions these compounds are able to self-assemble into a
long one-dimensional structures. Although such a kind of molecular organization significantly
improves the charge transport inside the stacks, these OTs, again appear to be poorly soluble in
the usual organic solvents.23
Aim & objectives. The aim of this thesis is a design and synthesis of the processable
thiophene-based oligomers with preferable electrical, optical, and self-assembly properties,
through a judicious choice of the employed substituents and to study their ability to be used as an
active components in the simple electronic devices, such as a field effect transistors. Particularly,
the aim was to investigate the charge transport and self-assembly properties of soluble
regiochemically pure β-substituted sexithiophene. Then, to study how these properties can be
controlled by the incorporation of an additional functionality, which is able to form hydrogen
bonds. The question, how the chemical structure of conductive oligomers and polymers affects
their solid-state ordering and electronic properties was in focus.
Outline of the thesis. Chapter 1 highlights the basics of π-conjugated aromatics, charge
carriers, and the theory of field effect transistors. This chapter also contains a brief description of
experimental techniques used in this work: pulse-radiolysis time-resolved microwave
conductivity measurements, scanning electron and atomic force microscopy. The state-of-the-art
of the field of organic thin film transistors completes Chapter 1. Improved synthesis, charge
carrier mobility, conformation, crystalline structure and molecular packing of regiochemically
pure sexithiophene substituted in β–position (β,β΄-DH6T) are discussed in Chapter 2. The
Chapter 3 focuses on the synthesis and characterization of two thiophene-based azomethines
designed to optimize solubility, self-assembly, and charge carrier mobility. Finally, diverse
conformational transitions and aggregations of regioregular polyalkylthiophenes are presented in
Chapter 4.
The main results of this work were published in the following papers:
1. Kiriy, N.; Jähne, E.; Adler, H.– J.; Schneider, M.; Kiriy, A.; Gorodyska, G.; Minko, S.,
Jehnichen, D.; Simon, P.; Fokin, A. A.; Stamm, M. One-Dimensional Aggregation of
Regioregular Polyalkylthiophenes. Nano Lett. 2003, 3, 707-712.
2. Kiriy, N.; Jähne, E.; Kiriy, A.; Adler, H.– J. Conformational Transitions and Aggregations of
Regioregular Polyalkylthiophenes. Macromol Symposia 2004, 210, 359-367.
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5. Schwieger, T.; Liu, X.; Peisert, H.; Knupfer, M.; Adolphi, B.; Kiriy, N. Electronic properties
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6. Nguyen P.T., Rammelt U., Plieth W., Richter S., Plötner M., Fischer W.-J., Kiriy N., Potje
Kamloth K., Adler H.-J., "Experiments with Organic Field Effect Transistors Based on
Polythiophene and Thiophene Oligomers", Electrochim. Acta, 50 (2005) 1757-63
7. S. Richter, M. Ploetner, W.-J. Fischer, M. Schneider, P.-T. Nguyen, W. Plieth,
N. Kiriy, H.-J.P. Adler. “Development of organic thin film transistors based on flexible
substrates.” Thin Solid Films 477 (2005) 140– 147.
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Chapter 1
Theoretical background and experimental techniques
1.1. Conductors, semiconductors and insulators
    According to the band theory of solids there are three categories of the materials:24 conductors,
semiconductors and insulators.
    The continuum distribution of the energy levels in a solid material is called energy band.
The lowest energy bands corresponding to the lowest energy levels of the molecules in the lattice
are filled with electrons that are bound to the atom. The electrons that take part in conduction
occupy the higher energy bands. The highest energy band that contains electrons is called the
valence band. The lowest band in which there are unoccupied states is called conduction band.
An energy gap between these two bands is called forbidden band or band gap.
   In insulators the electrons in the valence band are separated by a large gap from the conduction
band. In conductors like metals the valence band overlaps the conduction band, and electrons can
easily move in response to an electrical or other field from the valence to the conductive band
giving rise to conduction. In semiconductors there is a small gap between the valence and
conduction bands that thermal or other excitations can bridge the gap (see Figure 1.1.1). With
such a small gap, the presence of a small percentage of a doping material can increase
conductivity dramatically.
Figure 1.1.1.  Schematic representation of energy bands for solids24.
    The conductivity value in semiconductors lies between the values of the conductors and those
of insulators (see Figure 1.1.2).  The conductivity (σ) is defined as:
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where e is the elementary charge, 1.6 × 10-19  C, N is density of charge carriers N  (cm-3), and Σµ
=[µ (+) + µ (-)] (m2 V-1 s-1) is the sum of the mobilities of the positive (holes) and negative
(electrons) charge carriers.
Figure 1.1.2. Comparison of conductivities of various 
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with six surrounding electrons. The electronic ground state of carbon is 1s2 2s2 2p2, see Figure
1.2.1 for the schematics.
Figure 1.2.1. The electronic structure of carbon in its ground state.
The valence electrons are configured in the 2s and 2p levels and are responsible for the
formation of bonds to adjacent atoms. Hybridization, or linear combinations, of the valence
electronic orbitals enables the carbon atom to bond covalently to either two, or three, or four
other atoms, where each has its own specific hybridization. In conjugated polymers, where
unsaturated carbon atoms constitutes the polymer backbone, three of the valence electrons forms
so-called sp2-hybridized orbitals and the fourth electron resides in a so-called pz orbital. Two of
the sp2-hybridized orbitals will form σ-type bonds with two adjoining carbon atoms and in this
way the backbone of the polymer is formed. The remaining sp2 hybridized orbital will form a σ-
type bond with another atom, typically hydrogen. The pz orbital is orthogonal to the plane of the
σ-bonds and will bond to the pz orbital of a neighboring carbon atom.
Figure 1.2.2. Schematic representation of bonding in polyacetylene. The middle part indicates how the σ-
orbitals overlap with each other. The overlap of the π-orbital is not drawn for clarity.
The bonding (overlap) of pz is called π-bonds. Hence, systems of interacting pz orbitals are
called π-conjugated systems (see Figure 1.2.2, showing the hybridized orbitals of carbon, both
individually and coupled to each other in polyacetylene). The overlap of pz electrons gives
conjugated polymers their desirable electronic properties. There are two different branches of
conjugated polymers, those with degenerate ground state and those without. The description of
1s
2p
2s
Carbon atom σ-orbital π-orbital
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conjugated polymers has so far been rather general, but in order to simplify further descriptions,
two examples will be introduced. Polyacetylene (PA) with degenerate ground state and
polythiophene without.
Polyacetylene has degenerate ground since it by symmetry does not matter in which order the
single and double bonds alternate. This enables for faults in the alternation of double/single bonds
to occur. Transition regions in between adjacent alternation sequences, i.e. solitons, might then
form.
1.3. Charge carriers
A new energy level within the band gap is introduced by the soliton, and it works as a charge
carrier. Figure 1.3.1 shows a neutral, a negative and a positive soliton, each introducing a new
energy level, situated in the middle of the gap. Solitons work as spin less charge carriers and are
able to move over the parts of the chain that is free of defects, because the total energy of the
system is independent of its position26. Solitons can be created in various ways, for example
when the polymer is chemically doped, but also when charges are injected or simply by photo
excitations. If there are enough solitons in material, a band will form, allowing for the high
conductivity.
Figure 1.3.1. Three different soliton states. From the top: neutral, negative and positive.
Most conjugated polymers, however, have non-degenerate ground states and hence have some
preferences to the order of the alternation of single and double bonds. When introducing extra
charges to the polymers, the polymers will deform and the double bonds and single bonds will
exchange places, to form so-called quinoidal defects (see Figure 1.3.2).
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Figure 1.3.2. Two different forms of Polyphenylene: A-aromatic; B-quinoidal.
The quinoidal form is of higher energy than the aromatic, hence it is thermodynamically unstable
and can only exist in the presence of a charge. In the earlier described degenerate polymers
(polyacetylene), bond alternations could expand over the whole polymer chain, unless stopped by
some defect. This is not the case in non-degenerate ground state polymers where the formation of
quinoidal structure „costs“ energy. The striving of all systems to lower their total energy creates a
localized defect. After only a few quinoidal segments, the structure change back to aromatic.
Figure 1.3.3. Two new states in the band gap appear due to the polaron and bipolaron formation. The
polaron has either a positive or negative single charge and carries spin while the bipolaron is double
charged without spin.
The interaction between charges and the quinoidal segments can be seen as a lattice to charge
interaction and is called a polaron. Polarons are typically the majority charge carrier in
conjugated polymers and can have either positive or negative charge and unlike charged solitons
they carry spin. Upon higher doping levels, two polarons can interact and form a doubly charged,
A B
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spin-less state, a so-called bipolaron. Figure 1.3.3 shows schematically positive and negative
polarons and bipolarons in polythiophene, together with their corresponding energy levels. The
levels are situated in the band gap is due to geometrical distortion (relaxation) of the polymer.
If a positively charged polaron meet a negatively charged one, an exciton might form, this also
occurs upon absorption of a photon. Excitons are by definition from inorganic semiconductor
physics known as the interactions between electrons and holes bound together by Coulomb
attraction. In Figure 1.3.3, an exciton in polythiophene is illustrated.
1.4. Charge transport
The transport of charges through a conjugated polymer material is somewhat different from
conventional charge transport in in-organic materials such as metals. Films of conjugated
polymers can unlike „normal“ metals be seen as films made of disordered one-dimensional
systems, with random, spaghetti-like morphology. Charge carriers, free to move along a polymer,
accounts for the conduction of charges in the polymer films. The disorder in the film together
with polymer defects should however stop or reduce the conductivity, if it wasn’t for the
assistance from phonons (lattice vibration). This phonon-assisted conduction is described by
Mott’s Variable Range Hopping Theory (VRH). Here interchain conduction is carried out by
processes where a charge can ‘jump’ (tunnel) to a nearby site where its energy can be higher,
thanks to the help of phonons. The charge can then ‘jump’ on further to another chain or travel
along the present polymer chain. (There is a probability for the electrons to tunnel in between
sites on different polymers even without the aid of phonons, but it is smaller by far). Phonons
thus enable charges to travel from one side of a polymer film to the other and the higher the
temperature, the more phonons are available to give electrons the extra energy, hence higher
conductivity and mobility is achieved upon increase in temperature.27
1.5. Theory of thin film field effect transistor
   A transistor whose active, current-carrying layer is a thin film named as thin film transistor
(TFT). The concept of the thin film transistor, which is one kind of the field effect transistor
(FET) was first introduced by Weimer in 1962.28 This structure is well adapted to low
conductivity materials, and is now currently used in silicon transistors. Figures 1.5.1a and b show
two common device configurations used in TFT. In general, TFT consist of three contacts:
source, drain and gate; an insulator and a semiconductive film. The source and drain electrodes
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form ohmic contacts directly to the semiconductive film. The device is characterized29 by the
drain current (ID) as function of the source-drain bias for various source-gate voltages (VG),
which allow the determination of the field effect mobility, µfet. The organic TFT works in the
accumulation regime. However, its characteristics can be divided into two regimes. Linear regime
at low drain biases and a saturation regime when the drain voltage (VD) becomes higher than the
gate voltage VG. Figure 1.5.2 shows a typical plot of drain current ID versus at various gate
voltage VG, which corresponds to the device with top-contact configuration using DH6T as
semiconductor, thermally grown SiO2 as gate insulator, silicon as gate, and gold source and drain
electrodes.
Figure 1.5.1. OTFET device configurations: (a) top-contact device, with source and drain electrodes
evaporated onto organic semiconductor layer through a mask; (b) bottom-contact device, with the or-
ganic semiconductor deposited onto the gate insulator and prefabricated source and drain electrodes.
  When the gate electrode is biased negatively with respect to the grounded source electrode,  the
transistor operates in accumulation mode. It means charge carriers (in case of DH6T holes) are
generated in semiconductors layer close to the gate oxide. In linear regime (at low VD), ID
increases linearly with VD and is determined from the following equation:
Eq. 1.5.1.
where L is  channel length, W is the channel width, Cί  is the capacitance  per unit area of the
insulating layer, VT is the threshold voltage, and µfet is the field effect mobility. The latter can be
determined in linear regime from the transconductance,
Eq. 1.5.2.
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by plotting ID versus VG at constant low VD with -VD << -( VG - VT ), and equating the value of
the slope of this plot to gm.    
Figure 1.5.2. Plot of the drain current ID characteristic versus drain voltage VD at different gate
voltages (VG) . OTFT is in top-contact design  with W = 1000µm and L = 25µm.
  For -VD > -( VG - VT ), ID tends to saturate (saturation regime) due to the pinch-off the accu-
mulation  layer, and is modeled by following equation:
Eq. 1.5.3.
In the saturation regime, µfet can be determined from the slope of the plot of  (ID)1/2 versus VG.
For the same device the mobility calculated in the saturation regime was 3,98×10-5 cm2V-1s-1.
When the gate electrode is biased positively, Di-hexyl-sexithiophene (DH6T) operates in the
depletion mode, and the channel region is depleted of carriers. The ratio of the current in the
accumulation mode over the current in the depletion mode is referred to as Ion/Ioff. The Ion/Ioff ratio
measures the efficiency of the device switch.
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1.6. Pulse-radiolysis time-resolved microwave conductivity measurements
In order to understand conduction mechanism in semiconductor materials the investigation of
the mobile charge carrier behavior in the sample is required. To investigate charge transport
properties of oligothiophenes pulse-radiolysis time-resolved microwave conductivity technique
(PR-TRMCT) was applied.30
Pulse-radiolysis is a method used to study transient phenomena (time-dependent phenomena)
in a sample upon irradiation of high-energy electrons or photons with a short pulse.31 The
formation of the charge carriers upon irradiation is studied by the following changes in the
microwave power revealed from a microwave detector. In fact, upon high-energy irradiation of a
sample small transient changes in the real (dielectric constant ε’) and the imaginary component
(dielectric loss ε“) of the permittivity of a medium may happen. These changes occurring in the
bulk properties of the sample can result from the change in the molecular polarizability or in the
molecular charge distribution (dipole moment change), respectively.
PR-TRMC technique was introduced32,33 to measure the changes in the dielectric constant ε’
of a gas upon irradiation with high-energy irradiation. The change in the dielectric constant of the
medium was detected by definition of the phase shift or change in the wavelength of the
electromagnetic waves propagating through the sample (Figure 1.6.1).
Figure 1.6.1. Schematic representation of the phase shift of microwave radiation when propagation
through a weakly conducting material.32
Now this method was extended for the study of condensed media, measuring the changes in the
dielectric loss ε“ (conductivity) of a sample resulting from the formation of ionic species.34,35 The
PR-TRMC technique measurement can be divided in two parts. In the first part, the sample is
irradiated with high electron energy radiation in order to create charge carriers via pulse
Phase shift due to
dielectric constant ε’
(E-∆E)
Attenuation due to loss
ε’’
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radiolysis (PR) with a 3 MeV electron accelerator (pulse duration 2-5 ns). The second part is
related to the detection of the mobile charge carriers generated in the first part in the sample with
time-resolved-microwave-conductivity. A schematic representation of the PR-TRMC apparatus is
depicted in Figure 1.6.2.
Figure 1.6.2. Schematic representation of the PR-TRMC apparatus. 33
The test sample is placed into the cell. The electromagnetic microwave are generated in a
microwave source (R-band, 26-40 GHz); and directed (with a waveguide), and propagate through
the test sample. From metal plate situated at the end of the cell microwave are reflected. The
electric field component of the microwaves is parallel to the short axis of the cell. Due to the
interaction of high-energy primary electrons (produced with Van der Graaff accelerator) with the
electrons of the sample, electronic excitations and ionization processes occur, giving rise to
secondary electrons. As a result the primary electrons lose kinetic energy, and at the same time
the formation of positive charges are observed. Part of the charges created in the sample upon
irradiation will recombine due to Coulombic forces between the electrons and the positive
charges but a significant fraction of them will escape a recombination and will contribute to the
conductivity of the sample. The change in the conductivity of a sample upon irradiation is
monitored as changes in the microwave power reflected from the metal plate. For small changes
of the conductivity, the relative change in reflected microwave power, ∆P/P, is directly
proportional to the changes, ∆σ in the conductivity of the sample as described with Eq. 1.6.1.
Microwave cell
Microwave
source
Microwave
detector
Sample
Van de Graaff
Electron accelerator
Metal plate
e-
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                        Eq. 1.6.1.
The value of the proportionality factor A depends on geometric parameters, on the microwave
frequency used, as well as on the dielectric constant of the sample, and can be calculated if these
parameters are known. The derivation of A has been published elsewhere.36 Experimentally more
in detail ∆ P/P = n ∆V/ V, where ∆V is the change in the power (in volts) measured from the
output of the microwave detector and n is a constant. In Figure 1.6.3a, a description of the output
voltage of the detector are given. The radiation pulse of duration ∆t cause a conductivity change
in the medium. An absorbance of microwave power starts, which leads to a decrease in the
voltage output of ∆V, which returns to its start level after the certain time t.
Figure 1.6.3b gives a schematic description, where graphs of a typical dose-normalized
conductivity transient is depicted. As the charge carriers are formed by irradiation, the
conductivity change ∆σ reach its maximum at the and of the pulse (∆σeop). Because of trapping
and charge carrier recombination the conductivity signal decays with time.
Figure 1.6.3. Schematic representation of (a) the output voltage of the detector a function of time with a
voltage change ∆ V due to the mobile charge created upon irradiation of the sample with a pulse duration
∆t. (b) Scheme of the conductivity transient in which ∆σeop/ρD is defined. 32
Therefore, the dose-normalized conductivity at the end-of-pulse, ∆σeop/ρD is directly
obtained from the transient in Figure 1.6.3b, where the dose D (J/m3) is the amount of energy
deposited (absorbed) in the sample per unit volume upon irradiation, ρ is a density which is
worked out during the experiment. In order to obtain charge carrier mobilities from the radiation-
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induced conductivity it is necessary to know the number of the charge carriers presented in the
sample.
Determination of the charge carriers mobility. The charge carrier mobility is a measure of the
electric charges, which can migrate through the medium under the influence of the electric field
E. When an electric field is applied over mobile charge carriers in a medium a net velocity
component in the field direction will be superimposed on their random motion. For the given
field strength, the net velocity component in the field direction reaches a steady equilibrium
value, the drift velocity νd. The charge carrier mobility is defined as the ratio of drift velocity νd
to the electric field E:
                           (m2 /Vs)          Eq. 1.6.2.
The change in conductivity ∆σ of a sample due to the presence of mobile charge carriers is
related to the mobilities and number density N (cm-3) of positive and negatives charge carriers
(according to Equation 1.6.3):
                 ∆σ = e N∆Σµ                 (S/cm)                                  Eq. 1.6.3.
The sum of the induced charge carriers Σµ can be obtained from ∆σ if the number of the
charge carriers produced in the sample is known. Thus, if the concentration of carriers is known,
an estimation of the charge carrier mobility can be performed from the experimentally
determined conductivity change. Therefore, the total number of charge carrier pairs produced
initially by the radiation pulse is calculated estimating the average energy absorbed per electron-
hole pair formed, Ep, and estimating the fraction of the originally formed charge carriers present
at the time the conductivity is measured. The density of charge carrier pairs formed initially, Np,
for a short pulse, and a dose (electron) D (J/m3), is given by:
                                                  (m –3)           Eq. 1.6.4.
However, for pulses of duration in the nanoseconds scale, immediately after the formation of
the electron-hole pair, their number will be reduced as a consequence of the fact that a fraction of
the initially formed charge carriers pairs may undergo rapid recombination. The fraction of the
electron-holes pairs, which survive recombination during the course of the pulse radiation is
νd
Eµ =
Np= De Ep
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denoted with the end-of-pulse probability, Weop, which is less then unity. The concentration of
charge carriers present at the end of the pulse,  N peop will be therefore:
            (m-3)              Eq. 1.6.5.
Using Equations 1.6.3, 1.6.4 and 1.6.5 one obtains for the end-of-pulse conductivity, ∆σeop
                                              (Sm2/J)              Eq. 1.6.6.
The mobility can be calculate from the experimentally measured quantity ∆σ/ρD if  Weop and
Ep are known, using the relationship:
                                               (m2/ Vs)               Eq. 1.6.7.
It has to be pointed out that a minimum value for the mobility can be derived from ∆σ/ρ D by
taking Weop to have it maximum value at 1, which would correspond to a situation in which all
the electron-hole pairs formed contribute to ∆σ. The average energy necessary to produce
ionization in molecular liquids and solids, Ep, is generally assumed to be roughly equal to that in
the gas phase, i.e. ca. 25 eV.37,38,39,40 Therefore, taking Weop = 1 as the upper limit for the charge
carrier pairs that is observed at the end of the pulse and Ep = 25 eV in Equation 1.6.7, it is
possible to derive a minimum possible value of the sum of charge carrier mobilities     Σµmin =
[µ (+) + µ (-)] min.
1.7. Atomic force microscopy (AFM)
AFM belong to a family of Scanning Probe Microscopy (SPM) that are used to measure
properties of surfaces. The development of the AFM was preceded by the development of the
Scanning Tunneling Microscope (STM) in 1981 at IBM Zurich Research Laboratory by Binnig
and Rohrer41. Although the STM provides subangstrom resolution in all three dimensions, it is
limited to conductive and semiconductive samples. To image insulators as well as conductors, the
Atomic Force Microscope (AFM) (or Scanning Force Microscopy, SFM) was developed in
198642. AFM involves scanning a tip across the sample surface while monitoring the tip-sample
Npeop =
Weop D
e Ep
∆σeop= WeopD Σ µ trmc
Ep
Σµmin =
Ep ∆σeop
Weop D
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interaction to form three-dimensional surface topography image of nanometer lateral and
subangstrom vertical resolution. In addition to the favourable imaging conditions and the high
resolution, AFM offers a variety of new contrast mechanisms, which provide information on
differences in friction, adhesion, elasticity, hardness, electric fields, magnetic fields, carrier
concentration, temperature distribution, spreading resistance, and conductivity.
A principle of AFM is schematically shown in Figure 1.7.1. A sharp tip on the end of a flexible
cantilever moves across a sample surface. The scanning motion is conducted by a piezoelectric
tube scanner, which scans the sample in a raster pattern with respect to the tip (or scans the tip
with respect to the sample).
Figure 1.7.1. Scheme of AFM microscope.
The tip-sample interaction is monitored by reflecting a laser by the back side of the cantilever
into a split photodiode detector. By detecting the difference in the photodetector output voltages,
changes in the cantilever deflection or oscillation amplitude are determined. A feedback loop
maintains a constant tip-surface interaction force by vertically moving the scanner to maintain a
constant photodetector difference signal. The distance the scanner moves vertically at each x, y
data point is stored by the computer to form the topographic image of the sample surface43. In
general, physical nature and character of tip-sample interaction are quite complicated, since they
are defined by tip characteristics, surface properties and surrounding medium. For investigation
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of non-charged surfaces under ambient condition the main forces which contribute to exert the tip
are: repulsive force coming from mechanical contact of tip end atoms with sample, van der Waals
force and capillary force arising from condensation of water vapor in the contact area. Scanning
force microscopes can be operated in many ways measuring different interactions between the
probe tip and sample and using different types of detection schemes. Operating modes can be
roughly classified as “contact”, “non-contact”, and “intermittent contact” modes depending on
the sign of the forces exerted on the tip44 (Figure 1.7.2.).
Figure 1.7.2. Force interactions between the sample surface and the probing tip.
When the AFM is operating in the attractive region, it is called “non-contact”. In this region,
the cantilever is bent toward the sample, since it is being pulled by attractive forces. Operation in
the repulsive region is called “contact” imaging. Here, the cantilever is bent away from the
sample due to the sample deformation. If an oscillatory tip displacement is sufficiently large to
pass through both regions, the probe experiences both attractive and repulsive forces. These
modes are called “intermittent contact” or tapping mode. The two most commonly used modes of
operation are contact mode AFM and Tapping Mode™ AFM, which are conducted in air or
liquid environments.  In contact mode  the scanning probe is essentially dragged across a sample
surface while monitoring the change in cantilever deflection with the photodiode detector. The tip
interacts with the sample, and the cantilever bends according to the Hooke‘s law: F = kz, where
F, k, and z are the applied force, the cantilever spring constant, and cantilever deflection,
respectively. The feedback loop maintains a constant force during imaging, which typically
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ranges between 0.1 to 100 nN. Low spring constant (k < 0,1 N/m) probes are typically used to
minimize the value of the applied force. Contact mode works well for hard surfaces in ambient
conditions and in liquid. In the case of scanning soft polymeric materials the tip penetrates into
the material and damages it upon movement in lateral directions45. This happens on soft materials
even at negative deflection set-points. Tapping Mode (TM) AFM was developed for investigation
of soft materials46, 47. In this mode, the cantilever oscillates near its resonant frequency f0 and
lightly “tapping” on the surface during scanning. The tip rapidly moves in and out of the sample
surface with an amplitude which is sufficiently high to overcome adhesion forces so that it stays
in contact only for a short fraction of the oscillation period. Depending on the cantilever type, the
frequency typically varies from 50 to 500 kHz, and the amplitude changes up to 100 nm. The
laser deflection method is used to detect the root-mean-square (RMS) amplitude of cantilever
oscillation. A feedback loop maintains a constant oscillation amplitude at a certain value
(amplitude set-point Asp) by moving the scanner vertically at every x,y data point. Recording this
movement forms the topographical image.
In order to understand the origin of the images in taping mode AFM, it is instructive to
examine the cantilever response as a function of the distance at a fixed lateral position. Figure
1.7.3 depicts variation of the tip amplitude, A, as a function of the cantilever-base displacement
Z. At large distances, the cantilever oscillates with a constant amplitude which is determined by
viscous damping of the cantilever body in air. When approaching the surface, the tip starts to
interact with the surface. Eventually, the oscillations become unstable and the tip jumps into
contact. Still the energy of the cantilever is high enough to overcome adhesion forces and to be
detached from the surface. When the tip enters the intermittent contact range (Z < Z0), the
amplitude of oscillation is linearly reduced and the contact duration increases with decreasing the
distance between the surface and the cantilever base. At some point, the amplitude drops rapidly
and the tip become trapped by the sample. Beyond this point, the tip stays permanently in contact
with the surface.
 The deviation of the amplitude signal from a certain set-point value Asp is used by a feedback
loop to maintain the distance Z between the tip and sample constant, and hereby visualize the
surface structure. The lower is the set-point (or the amplitude set-point ratio Asp/A0, where A0 is
the amplitude of free oscillations), the closer is the tip to the sample. When the surface
composition is uniform, the amplitude variation is mainly caused by the surface topography.
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However, if the surface is heterogeneous, the variation in the amplitude can be affected by local
differences in viscoelasticity48,49 and adhesion50 of the sample.
Figure 1.7.3. Typical amplitude-distance curve. 50
The advantage of tapping mode with respect to contact mode is that it eliminates the lateral,
shear forces present in contact mode. The time of contact of the tip with the surface and the
friction energy are from one to two orders smaller in the tapping mode than in the contact
mode51. This enables TM to image soft, fragile, and adhesive surfaces without damaging them,
which can be a drawback of contact mode AFM. TM is now the scanning mode of choice for
most applications, particularly for soft surfaces like polymers.
1.8. Scanning electron microscopy (SEM)
   The Scanning electron microscope is one of the most versatile and widely used tools of modern
science. SEM has a large depth of field, which allows a large amount of the sample to be in focus
at one time. Preparation of the samples is relatively easy since most SEMs only require the
sample to be conductive, which can be achieved for non-conductive samples by coating them
with gold. The principal scheme of SEM is presented in Figure 1.8.1. The electron beam comes
from a filament, which is a loop of tungsten and functions as the cathode. A voltage is applied to
the loop, causing it to heat up. The anode, which is positive with respect to the filament, forms
powerful attractive forces for electrons.
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Figure 1.8.1. Schematic presentation of Scanning Electron Microscope DSM 982 Gemini, ZEISS.
When the electron beam hits the sample, the interaction of the beam electrons from the
filament and the sample atoms generates a variety of signals. Depending on the sample, these can
include secondary electrons (electrons from the sample itself), backscattered electrons (beam
electrons from the filament that bounce off nuclei of atoms in the sample), X-rays, light, heat, and
even transmitted electrons (beam electrons that pass through the sample, Figure 1.8.2).
To view the image of the sample, secondary electrons and backscattered electrons are collec-
ted, converted to a voltage, and then amplified. The amplified voltage is applied to the grid of the
cathode ray tube (CRT) and causes the intensity of the spot of light to change. The image consists
of thousands of spots of varying intensity on the face of a CRT that corresponds to the
topography of the sample.
When SEM is used, the column must always be in a vacuum. If the sample is in a gas filled
environment, an electron beam cannot be generated or maintained because of a high instability in
the beam. The transmission of the beam through the electron optic column would also be
hindered by the presence of other molecules. Those other molecules, which could come from the
sample or the microscope itself, could form compounds and condense on the sample. This would
lower the contrast and obscure detail in the image. The conventional type of SEM uses a high
vacuum with pressures as low as 10-3 Pa.
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Figure 1.8.2. Electron-Sample Interactions.
1.9. UV-vis spectroscopy
   Ultraviolet (UV) and visible (vis) spectroscopy is the commonly method of molecular
spectroscopy. The technique is based on the interaction of molecules with UV and visible light.
Absorption of photons results in electronic transition of a molecule, and electrons are promoted
from ground state to higher electronic states, usually from a molecular orbital called HOMO to
LUMO52. Electronic transition usually originates from valence electrons in a chromophore, such
as the nonbonding (n) or π-electrons in unsaturated functions.
The electromagnetic radiation may be described by the wavelength λ (nm), by the frequency ν
 (s-1), or by the wavenumber, ν (cm-1), related by energy difference as following relationships:
λν = c                                                                         Eq. 1.9.1.
ν = 1λ
∆Ε = hν = hcλ =
28636
λ kcal/mol =
119809
λ kJ/mol
Eq. 1.9.2
Eq. 1.9.3.
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The absorbance (A) or molar absorptivity (ε) of an UV band is calculated according to the Beer-
Bouger-Lambert Law:
I0 - the intensity of incident light; I - the intensity of transmitted light; l - the path length in cm; c
- the concentration in mol L-1; k - the absorption coefficient; ε - the molar extinction coefficient
(cm2 mol-1).
 UV-spectra of atoms show lines due to electronic transitions, which may be, however,
broadened via collisions. In contrast, molecules display many lines in UV-spectra corresponding
to electronic, vibrational, and rotational transitions. A set of vibronic lines belonging to the same
vibronic transition comprise a band. The broadened bands of UV curve indicate, according to
Frank-Condon Principle wide distribution of energies (see Figure 1.9.1), due to superposition of
several vibrational levels on the electronic level. The ground state (G.S.) has lower energy,
Figure 1.9.1. (a) Potential energy diagram for a diatomic molecule illustrating Frank-Condon
excitation. The equilibrium separation is longer in the excited than in the ground state. (b) Intensity
distribution among vibronic bands as determined by Frank-Condon principle. 4
І = І0 e -kl
І = І0 10 -εcl
log І0
І
= εcl
Eq. 1.9.4.
Eq. 1.9.5.
Eq. 1.9.6.
ε
r
4
2
ν=0
requil
Excited state
Ground state 0
-6
0-
5
0-
 4
0-
3
0-
2
0-
1
0-
0
λ
a b
30
shorter requil. (bond length), while the excited state (E.S.) has higher energy, longer requil. (bond
weaker). Each of this electronic state has many vibrational states in it. It is the transition between
the lowest vibrational state (ν = 0) in ground state to various vibrational levels in excited state
that determine the shape and intensity of an UV band. It is determined by the spacing of the
vibrational levels and the distribution and contribution of each vibrational subband to the total
band intensity. This is governed by the Frank-Condon Principle stated as following: “The
nuclear motion (10-13 s) is much slower as compared with electronic motion in transition (10-16 s),
so it is negligible during the time required for an electronic excitation. Since the nucleus does not
move during the excitation, the internuclear distance keeps the same, and “the most probable
compo-nent of a electronic transition involves only the vertical transitions.” In other words, the
nuclear geometry is frozen during the transition (vertical transition).
    The excitation going from ν = 0 (G.S.) to ν = 3 (E.S.) is the most probable one for vertical
transition because it falls on the highest point in the electron probability curve for í = 3 in E.S (Fi-
gure 1.9.1b). Other vertical transitions (0->2, 0->1,..., 0->4, 0->5,...) are smaller in their
probabilities of transition as revealed in the composite fine struture of vibronic broad band.
    The electronically excited states may decay unimolecularly back to the ground state by
photophysically emitting energy of fluorescence (from an excited singlet state) or of
phosphorescence (from an excited triplet state). Alternatively, it might decay photochemically to
a different ground state of different structure. Thus, one can measure the absorption and emission
from molecules. The λmax of an absorption band correspond to the excitation energy, ∆E and εmax
to the intensity of transition, a measure of the probability of promoting an electron, given the
excitation energy.    For compounds containing double, triple bonds, or aromatic rings; a π
electron is excited to an antibonding π* orbital.  This is usually a symmetrically allowed and high
intensity transition.
    In general, π-conjugated polymers are mixtures of compounds with similar, but different
properties. Such compounds have a great number of different, but similar energetic states (due to
both non-equivalency of repeat units and their conformational freedom) and therefore have more
broadened UV-vis spectra than small-molecule compounds. Nonetheless, a fixing of the
molecular conformation of π-conjugated polymers (in quasi-crystalline states) leads to decrease
of number of energetic states that simplifying the UV spectra. In that case, fine vibronic
structures can be resolved as additional peaks or shoulders.
31
    Furthermore, flexible polymers can adopt more or less planar conformation that causes shifts
of absorption bands. Additional planarization of conjugated polymer backbones leads to an
increase of the conjugation length, additional delocalization of π–electrons and to lowering of the
LUMO energy. Thus, such a transition leads to red-shift in UV-vis spectra. In contrast, twisting
of the backbone leads to decrease of conjugation length, increase of the LUMO energy and to
blue shift of the absorption. Additional altering of the UV-vis spectra can occur due to
aggregation which cause a coupling of different molecules (intra-molecular) or parts of the same
molecules (intra-molecular coupling in folded states) and appearance of new additional
vibrational modes (such as Davydov splitting).
1.10. Small-molecule (oligomeric) organic semiconductors (state-of-the-art) 
Over the past 10 years there has been remarkable progress in the development of thin film
transistors (TFTs) based on organic semiconductors.3-5 An important advantage of organic
semiconductors comparably to amorphous silicon is that they can be deposited onto substrates at
low temperatures and they are compatible with flexible plastic substrates. A number of industrial
laboratories are working to develop low-cost, large-area plastic electronics employing transistors
and diodes based on organic semiconductors.53 Nevertheless, there remain a number of important
open problems left concerning the performance of organic semiconductors in TFTs and the field
of organic electronic still intensively develops. There are several excellent reviews, which
summarize recent achievements in this field. One of the most comprehensive paper of
Dimitrakopoulos and Malenfant has overviewed p-channel and n-channel TFTs development
efforts up to 2001 years.5 Very recently Frisbie at al. reviewed achievement in the field of n-
channel TFTs that have occurred in the past two and a half years.54 The present chapter briefly
describes the most important achievements and highlights, the most significant problems in the
area of TFTs. The main attention is focused onto p-channel TFTs only which were not included
into above mentioned reviews.
Organic semiconductors processed by thermal evaporation
It was demonstrated that TFTs fabricated from unsubstituted fused aromatics or substituted in
their tails (acenes,55 unsubstituted56 and α,ω-substituted oligothiophenes57,12) display the most
prominent electrical characteristics. They can be deposited by thermal evaporation in vacuum and
form in certain conditions highly ordered, near crystalline films.58 Importantly, the upright
molecular orientation in such films favor the charge transport.
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Since 1997 and up to beginning of 2004, the TFTs based on pentacene polycrystalline films
constituted the benchmark for OTFT performance, displaying unique in their combination of
exceptional transport properties: the on-to-off current ratio (on/off) > 108, the field effect mobility
(FEM) in excess of 1 cm2 V-1 s-1, and the threshold voltage near 0 V.59 However, rather low
environmental and chemical stability and insolubility are the most significant problems of
pentacene. The detailed analysis of the pentacene-based TFTs contains the review of
Dimitrakopoulos and Malenfant.5
 Recent investigations of TFTs based on rubrene single crystals show that the mobility of 15
cm2 V-1 s-1 can be achieved.60 It is the highest value of the field effect mobility reported so far.
Obviously, this exciting result originates from the combination of the unique rubrene molecular
structure and the device performance based on the defect-less single crystal. This discovery opens
new perspectives in the organic electronics. Such impressive electrical characteristics are already
absolutely acceptable for industry and only poor processability of acenes obstacle their broad
usage in electronics.
Several strategies to improve processability of conjugated aromatics were already
implemented. Among them, incorporation of various substituents in different position of the
conjugated backbone, control of the conjugation length, and utilization of soluble precursors
should be mentioned.
Solution-processable organic semiconductors
Incorporation of alkyl groups. Regioregular head-to-tail polyhexylthiophenes (RR-PHT)
constitutes today the another benchmark for TFTs performance, exhibiting an excellent solubility
in common organic solvents acceptable for the deposition by spin-coating and inject printing.61
The best RR-PHT devices show relatively high  field effect mobility of about 0.05 cm2 V-1 s-1 and
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on/off ratios that are considerably less than those of the best materials like pentacene and rubrene.
Practical use of this class of polymers is also restricted by the limited environment stability; i. e.,
exposure of the transistor to air and light results in an immediate increase of the conductivity in
off state due to oxidative doping of the semiconductor film.
    Recently Ong at. al. reported on poly (3,3-dialkyl-quaterthiophene) with twice-lower content
of alkyl groups (see Scheme 1.10.1) comparably to PHT.62 The material possesses of about the
same FEM as RR-PHT and has excellent stability against oxygen, moisture or light due to proper
control of extended π–conjugation that achieves a delicate balance between transistor
functionality and oxidative doping stability.
Scheme 1.10.1. Synthesis of the  poly (3,3-dialkyl-quaterthiophene).
    In 1993 Garnier at al. reported field effect mobility of sexithiophene bearing alkyl groups in
α,ω-position of aromatic backbone (see Figure 1.10.1b).63 α,ω-Substituted sexithiophene showed
an excellent ability to form extended crystalline structures, good charge transport properties and
high environment stability, but still displayed poor solubility. Later, Katz at al. showed that
shorter homologous oligomers with the same substitution pattern - quaterthiophene and
phenylene-thiophene oligomers display the same or even better FEM but are moderately soluble
in high boiling point solvents 64 (Figures 1.10.1a, c). However, the best mobilities were reported
for vacuum evaporated films, whereas the solution processing leads to TFTs which display the
mobility only of about 10-2 cm2 V-1 s-1. 10
Figure 1.10.1. Chemical structures of thiophene oligomers: (a) α,ω –substituted quaterthiophene, (b) α,ω-
substituted sexithiophene, (c) phenylene-thiophene oligomer.
Incorporation of more polar groups in α,ω-position of sexithiophene, for example,
alkylphosphonate moieties, significantly improves the solubility (see Scheme 1.10.2). TFTs made
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from this material by the drop-casting exhibit the FEM of 10-3 cm2 V-1 s-1 and on/off ratio of
about 104.65
Scheme 1.10. 2. Synthesis α,ω- substituted sexithiophene.
Roncali at al. investigated a set of oligothienylenevinylenes (OTVs). The best OTV (Figure
1.10.2) with hexyl groups in α,ω-positions shows a FEM only of about 10-2 cm2 V-1 s-1 similar to
their fully thiophene counterpart.15 Again although some of OTVs are soluble in organic solvents
only vacuum-evaporated films exhibit good FET characteristics.
Figure 1.10.2. Chemical structure  of  oligothienylenevinylenes.
Oligomeric thiophenes functionalized  with  the polymerizable acrylate groups, depicted in
Figure 1.10.3, were used to produce a conductive polymer network.66 The FEM of about 10-3 cm2
V-1 s-1 was observed before photopolymerization. While polymerization results in a loss of
mobility by factor 10, it provides mechanical stability and allows for photopatterning of the
semiconductor.
Figure 1.10.3. Chemical structure quaterthiophene with polymerizable acrylate groups in α,ω- position.
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Processing of soluble precursors. Muellen and co-workers reported the preparation of a
soluble precursor of pentacene that can be spin-coated and then heated to form pentacene
(Scheme 1.10.3).67 TFTs with pentacene formed by this precursor method showed field-effect
mobili ties ranging from 10-3 cm2 V-1 s-1 for T=140 °C to 0.1-0.2 cm2 V-1 s-1 for T =200 °C. The
limitation of Muellen’s approach is that the precursor is not easily accessible; it is prepared in a
multistep synthesis with low overall yield. Furthermore, the mobility at the lowest conversion
temperature, which is desirable for plastic substrates, is low.
Scheme 1.10.3. Synthesis of the soluble precursor of pentacene.
Dimitrakopoulos at. al. described another approach (Scheme 1.10.4) to soluble precursor of
pentacene and its use in the solution-based fabrication of high-performance organic thin film
transistors.68 The synthetic approach uses an efficient Lewis acid-catalyzed Diels-Alder reaction
of pentacene, with a hetero dienophile under moderate conditions to form an adduct that is highly
soluble in chlorinated solvents and ethers. Heating spin-coated thin films of this adduct at
temperatures 120-160°C causes a retro Diels-Alder reaction that converts the adduct film to a
pentacene thin film. A field effect mobility of 0.3-0.4 cm2 V-1 s-1and an on/off ratio of 107 were
obtained for films annealed at 200°C.
Scheme 1.10.4. Synthesis of highly soluble pentacene adduct.
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Frechet at. al. synthesized a α,ω-substituted sexithiophene (Scheme 1.10.5) with thermally
removable groups.69,70 The material displays good solubility and can be deposited by spin-coating
or inkjet printing at room temperature. Then the solubilizing groups can be removed by
annealing in vacuum at 200°C. The highest measured mobility was 0.07 cm2 V-1 s-1 for the
material spin-cast from chloroform.
Scheme 1.10.5. Synthesis of α,ω-substituted sexithiophene with a thermally removable groups.
New conjugated systems
A new class of organic semiconductor 2,6-diphenylbenzo[1,2-b:4,5-b] dichalcogenophenes
was recently reported (see Scheme 1.10.6).71 Since oligomers are not soluble in common
solvents, TFTs prepared by the evaporation in vacuum were investigated. The highest mobility
(FEM) of 0.17 cm2 V-1 s-1was demonstrated for the selenium-contained oligomer.
Scheme 1.10.6. Synthesis of  2,6-diphenylbenzo[1,2-b:4,5-b] dichalcogenophenes.
Leclerc at al. have proposed novel conjugated oligomers – easily soluble 6,12-
dimethylindolo [3,2-b] carbazoles (Scheme 1.10.7).72 They demonstrate a π–stacking
arrangement of molecules along the a-axis of the single-crystal unit cell. The intermolecular
distance between two molecules is 3.45 Å. This type of orientation is very interesting to produce
high charge carrier mobility along the direction of π–π stacking, and could be related to favorable
attractive interactions between the side chains. Preliminary investigations of TFTs based on these
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oligomers reveal the hole mobility and the on/off ratio of about 10-3 cm2 V-1 s-1 and 105,
respectively, and the threshold voltage is -18 V. The authors suggested that these characteristics
can be further improved.73,74
Scheme 1.10.7. Synthesis of soluble 6,12-dimethylindolo [3,2-b]carbazoles.
Similar value of FEM of about 10-3 cm2 V-1 s-1was recently reported for nitrogen-contained
analogous of RR-PHT - π-conjugated copolymer of thiophene and 4-alkylthiazole (Figure
1.10.4).75 The author claimed that the incorporation of moderately electron-negative nitrogen
atom in the polymer structure would improve environmental stability.
Figure 1.10.4. Chemical structure of  the thiophene and 4-alkylthiazole copolymer.
Another set of soluble nitrogen-contained oligomers - 2,7-carbazolenevinylenes - were
synthesized and characterized by Leclercs group (Scheme 1.10.8).76 It was shown that
introduction of vinylene and cyanovinylene units into the polymer backbone decreases the band
gap allowing a fine-tuning of the optical and electrical properties. One of the oligomers showed
p-type behavior, and mobility of about 3×10-2 cm2 V-1 s-1 and an on/off ratio as high as 106.
Although 2,7-carbazolenevinylene-based oligomers are soluble in common organic solvents,
these characteristics were, however, demonstrated only for vacuum-evaporated films.
Nuccols at. al. reported synthesis of a number of dihydrodiazapentacenes and their electrical
response (Scheme 1.10.9).77
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Scheme 1.10.8. Synthesis of 2,7-carbazolenevinylenes.
Some of these materials behave as a semiconductor in organic TFTs with on/off ratio greater then
104 and mobilities approaching 10-2 cm2 V-1 s-1. These compounds have the same molecular
shape as pentacene but are much easier to prepare and have a better environment stability and are
soluble in polar solvents up to 1g/L. Their improved solubility compared to pentacene is also due
to breaking of the conjugation and because of polarity of amino-moie-ties able to form hydrogen
bonds with DMF and DMSO. Despite of some solubility of dihydrodiazapentacenes, only
mobilities of vacuum-evaporated films were reported.
Scheme 1.10.9. Synthesis of dihydrodiazapentacene.
Hwang at. al. reported synthesis of novel soluble phenothiazine polymer (Scheme1.10.10).78 The
material is suitable for light emitting devices and also for TFTs. The measured field effect
mobility was 10-4 cm2 V-1 s-1 and on/off ratio of about 103.
Scheme 1.10.10. Synthesis of phenothiazine polymer.
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Anthony at. al. reported the synthesis of a series of soluble acenedithiophenes with up to
seven linearly fused rings and silylethynyl substituents (Scheme 1.10.11).79 These functional
groups are designed to improve both solubility and enhance cofacial interactions in the solid. The
molecular structures of acenedithiophenes show that the acene backbones of these molecules are
planar. An examination of the crystal packing for these derivatives reveals that the molecules in
the crystal assemble into 1-dimensional π-stacked arrays, as predicted by model for the packing
of ethynylated pentacenes. This solid-state arrangement not only minimizes the distortion of the
aromatic core in the crystal but also leads to close π-face contacts critical for device performance.
The average interplanar spacing is 3.42 Å. Although electrical characterization of the
acenedithiophenes is not yet reported one can recognize this series as very promising for TFTs.
Scheme 1.10.11. Synthesis acenedithiophenes with silylethynyl substituents.
Rovira at al explored a set of tetrathiafulvalenes (Figure 1.10.5).80 The best TFT performance was
obtained for the dithiophene derivative (DTTTF). It was shown that DTTTF is readily soluble
compound and forms high quality single crystals simply by slow evaporation of the solvent
during the drop-casting. The devices produced such a way have high field-effect mobility up to
1.4 cm2 V-1 s-1. It is the highest value of mobility reported to date for TFTs fabricated by low-
temperature solution processing. The correlation between the crystal structure and the electrical
characteristics was found. The observed relationship between the mobilities in the different
crystal structures is strongly corroborated by calculations of both the molecular reorganization
energies and the maximum intermolecular transfer integrals.81 Among the studied structures, the
herringbone crystal structure of the DTTTF showed the best performance for OFETs.
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Figure 1.10.5. Various tetrathiafulvalenes.
Muellen at al. have introduced a new class of aromatic compounds - graphite-like substance such
as hexa-peri-hexabenzocoronene (BC), which consists of 42 carbon atoms bound together in 13
adjoining C6-membered rings to form a planar, disc-shaped aromatic molecule of 1.5 nm in
diameter. If BC is peripherally substituted with long alkyl chains, as shown in Figure 1.10.6, the
molecules self-assemble into columnar aggregates. They display very high charge mobility in the
tacking direction of 0.13 cm2 V-1 s-1 measured by PR-TRMC.82
Figure 1.10.6. Chemical structure of hexa-peri-hexabenzocoronene.
Conclusions and outlook
Organic thin film transistors constitutes a quickly developed field of material science. Activity of
numerous scientific groups working in this area was focused on the following directions:
1) Optimization of the TFTs performance (including improvement of the films morphology, and
contacts, control over the molecular orientation and crystallinity, etc.).60,83
2) Improvement of the solubility by incorporation of solubilizing groups, including thermally
removable.
3) Design and exploitation of novel conjugated systems.
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Among the most significant achievement in the area of TFTs the following could be especially
emphasized:
1) Since March 2004 rubrene single crystalline transistor constitutes a novel benchmark for
organic TFTs performance, thus replacing well-known pentacene-based devices.59
2) Among solution-processable organic semiconductors, soluble pentacene precursor introduced
by Dimitrakopoulos at al.,68 and tetrathiafulvalenes single crystals investigated by Rovira at.
al.80 are the best materials for TFTs.
3) Several novel tendencies in the reviewed area appear:
a) development of single-crystalline TFTs 60,80 and utilization of new methods to force
desired orientation and crystallinity (such as photoalignment);
b) involving new aromatic systems comprised such heteroatoms as nitrogen,72 selenium and
tellurium71 additionally to tradition all-carbon and sulfur-containing conjugated aromatics.
Nevertheless, despite of such progress, the following problems are still exist. The best
compounds - rubrene and pentacene - are insoluble in the pristine state and are environmentally
unstable. Solution-processed materials usually display mobility well below the target value of 1
cm2 V-1 s-1. Even if the organic semiconductors appear to be soluble, the best electrical
characteristics still show vacuum-evaporated films. Soluble precursors require to be annealed to
high temperatures that precludes their usage in all-plastic technologies. Thermal removing of
solubilized groups causes decrease of the volume and formation of the (nano)cavities in films
(imperfect packing). Finally, although tetrathiafulvalenes single crystals can be grown at room
temperature from solutions,80 the procedure is still far from the best technological performance,
since single crystals formed during slow solvent evaporation appear to be randomly deposited
between electrodes rather then homogeneously cover whole necessary area of the device.
Clearly, that more investigations are necessary to address above mentioned problems. Other
approaches in the designing of novel semiconductors, obviously, can be explored. Particularly,
Frisbie at al. in their recent review wrote: “Surprisingly, very little has been done to exploit
bonding other than the dispersive and quadrupolar interactions in the design of organic
semiconductor solid-state structures. Whether directional H-bonding between semiconductor
molecules can enhance carrier mobility, for example, remains an open question. Crystal
engineering likely will play a prominent role in future organic semiconductor development.”54
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Chapter 2
Conformation, Molecular Packing and Electrical characterization of 4',3''''-
dihexyl-2,2';5',2'';5'',2''';5''',2'''';5'''',2'''''-sexithiophene
Abstract
Improved synthesis, charge carrier mobility, conformation, crystalline structure and molecular
packing of the regiochemically pure 4',3''''-dihexyl-2,2';5',2'';5'',2''';5''',2'''';5'''',2'''''-
sexithiophene (β,β′-DH6T) are described in this chapter. The sum of charge carrier mobilities of
β,β′-DH6T measured by the pulse-radiolysis time-resolved microwave conductivity (PR-TRMC)
technique was found to be Σµmin = 3.9 ×10-3 cm2 V-1 s-1 , which is comparable with the PR-TRMC
mobility found for α,ω -DH6T. The field effect mobility (FEM) of β,β′-DH6T was found to be on
the order of 10-5 cm2 V-1 s-1 , which  is significantly higher than the mobility of regioirregular
β,β′-DH6T. Thus, the regioregularity of the molecular structure controls the order in the film
and, consequently, the charge transport properties. Nevertheless, the FEM of β,β′-DH6T is still
considerably lower than the FEM of α,ω -DH6T. To understand the reason for such a striking
difference in properties of homologous compounds the conformation and the molecular packing
of β,β′-DH6T were systematically studied by means of UV-vis spectroscopy, scanning electron
microscopy (SEM), atomic force microscopy (AFM), and X-ray techniques. Absorption spectra of
a β,β′-DH6T spin-cast film indicate the planar conformation of the aromatic backbone. SEM and
AFM reveal the formation of an ordered lamellar phase. As a single-crystal X-ray study shows,
β,β′-DH6T exhibits less dense crystalline packing than α,ω -DH6T. In contrast to the almost
upright orientation of α,ω -DH6T molecules against the substrate (tilt angle about 68°), the long
axis of β,β′-DH6T molecules and the surface plane form an angle of ~20°. Thus, the crystalline
structure of α,ω -DH6T “allows” the current to flow along the molecular stacks; the crystalline
structure of β,β′-DH6T suppresses the charge transport.
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2.1. Introduction
Oligothiophenes (OTs) represent one of the most promising classes of semiconductive
materials for FET fabrication84 because of their good mobility and environmental stability.6-16
However, unsubstituted OTs are insoluble in the usual solvents and can be deposited only by
vacuum evaporation, which is expensive and problematic from an industrial point of view.17 The
high charge mobility and poor solubility of sexithiophene are linked through the great molecular
ordering and side-by-side stacking of aromatic molecules. It has been shown that the introduction
of alkyl groups in the α and ω-positions19 or short substituents (methyl groups) in the β-position
of the conjugated backbone leads to only a slight increase of solubility (less than 1 g/L).18 On the
other hand, introduction of larger hexyl groups in the β-position makes OTs well soluble but,
simultaneously, suppresses the field-effect (FE) mobility, at least in some cases described in the
literature.19
Garnier at al. have compared the field effect (FE) mobility and solid-state organization of 6T,
α,ω-hexyl 6T (α,ω-DH6T), and a mixture of regioisomers of β,β΄-substituted 6T (regioirregular
β,β΄-DH6T).19 It has been reported that α,ω-DH6T has a melting point of 290 °C, forms a nearly
crystalline layered film, and possesses an excellent FE mobility. The melting point of 6T is 280
°C, it forms less ordered films, and it shows lower FE mobility as comparaed with α,ω-DH6T by
a factor of 25. It has also been demonstrated that, OTs and polythiophenes85 exhibit high mobility
and conductivity if they adopt a fully planar molecular conformation, a dense and ordered
molecular packing, and a preferred orientation of molecules essentially normal to the substrate to
maximize the flow of charges from source to drain electrodes.19,84 In sharp contrast to α,ω-DH6T,
an extremely soluble and easily melted (80°C) regioirregular β,β΄-DH6T forms completely
amorphous films and displays very low mobility below the detection limit.19 Nevertheless, it
remains unclear whether such a big difference in the properties of homologous systems originates
from the position of the alkyl groups, or from irregularity of the structure. The synthesis of the
regiochemically pure β-substituted 6T has been described recently86,87 but, to the best of our
knowledge, the FE mobility has not been presented.
2.2. Synthesis and characterization
β,β΄-DH6T was synthesized by a modified method based on previously reported procedures by
Hadziioannou at. al.88 and Zimmer at. al.89 Dihexylquaterthiophene 2 was synthesized by the
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Kumada coupling90 of 2 equivalents of the Grignard reagents 1 with 5,5-dibromothiophene
(Scheme 2.2.1).
Scheme 2.2.1. Synthesis of β,β΄-DH6T.
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The isomerically pure β,β΄-DH6T was synthesized by the cross-coupling of the Grignard
reagents of 2-bromothiophene with dibromide 3 in 42% overall yield starting from commercially
available 3-hexylthiophene.
Figure 2.2.1. Differential scanning calorimetry trace of β,β’-DH6T.
The spectral data of β,β΄-DH6T correspond to the previously reported one. β,β΄-DH6T is an
orange solid with a melting point of 128°C (Figure 2.2.1) soluble in common organic solvents.
For example, the solubility in CHCl3 at 20°C is 10g/L and near 50g/L at 35°C. Taking into
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account a close relationship between a purity of semiconductive materials and their charge
transport properties, the desired product was purified carefully. The crude β,β΄-DH6T was
purified twice by column chromatography on silica gel and subsequently crystallized 3-5 times
from chloroform. Importantly, it was not found any detectable impurities after the first
crystallization, as indicated by NMR spectroscopy and MALDI-TOF measurements (Figure
2.2.2).
Figure 2.2.2. MALDI-TOF spectra of β,β΄-DH6T with  matrix (trans-2-(3-(4-tert.-Butylphenyl)- 2-
methyl-2-propenylidene)-malonintrile.
The cyclic voltammogram of β,β΄-DH6T exhibits two reversible one-electron redox waves at
0.84 and 1.1 V corresponding to oxidations from neutral form to the radical cation (polaron state)
and subsequently to the dication (bipolaron state) (Figure 2.2.3). The sharpness of both peaks
reflects highly ordered state of the β,β΄-DH6T film.
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Figure 2.2.3. Cyclic voltammograms of β,β΄-DH6T cast on gold electrode in acetonitrile solution of 0.2 M
LiClO4. Scan rate: 20 mV/s.
2.3. Electrical characterization
2.3.1. Conductivity
    Two-points method was applied to determine lateral  conductivity of DHT6 films. The
measurements were performed at ambient conditions. Freshly prepared films (thickness of 45-
250 nm) exhibit conductivity of 0.005-0.017 S/cm; doped in J2 vapor 0.016-0.02 S/cm, doped
with the FeCl3 – 0.11 S/cm. These high conductivity values of freshly coated “undoped” films is
evident proof that DHT6 is already doped due to the uptake of oxygen, which is presented in the
ambient atmosphere.
2.3.2. Field effect mobility
To investigate the electronic conduction behavior of the organic semiconductor thin films of
material was deposited onto test structures based on a bottom contact FET design. These test
vehicles employed the commonly known Si/SiO2 approach for the gate electrode and the gate
dielectric with a gate oxide thickness of 90 and 185 nm, yielding a gate capacitance of 380 and
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190 pF/mm², respectively. Gold source/drain contacts of 150-250 nm gold were deposited onto
the SiO2 using lift-off-patterning. Out of a variety of transistor test patterns single linear and
octagonal wide channel transistors with channel lengths of 25 µm and channel widths of 1000 µm
were chosen for material evaluation. Films (30-80 nm thick) of β,β΄-DH6T were deposited by
spin-coating from chloroform solution. Output and transfer characteristics of the transistors were
measured using a prober with W-tips (PM5, Suess) in a dark box and a two-SMU measuring
setup (K2400/K6430, Keithley) controlled by PC software. This allows the gate leakage to  be
checked and to taken this into account with the measured drain current.
Figure 2.3.1. Plot of the source-drain current IDS characteristic versus source-drain voltage VDS at
different gate voltages (VG) upon the exposure of the device in the ambient atmosphere during 10
(continuous curve) and 20 minutes (dotted lines).
From the transfer characteristics the FET mobilities were calculated in both in the linear and
the saturation regions. For this overall estimation of the semiconductor material properties the
two values have been averaged with a single mean. The completed transistor chips after
semiconductor deposition were stored under argon until electric measurements; the transistor
behavior itself was measured under a nitrogen flow in order to prevent interaction of the
uncovered organic semiconductor with humid atmosphere. The measured drain currents were
corrected using a simple two-paths-distribution model for the gate currents.
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The device was completed by the spin coating in the inert atmosphere. Although, no drain
current was found for the freshly prepared transistor up to the gate voltage 10 V, exposure of the
device in the ambient atmosphere resulted in a gradual appearance of some current. Figure 2.3.1
shows increase of the current upon the exposure of the device in ambient atmosphere during 10
(Figure 2.3.1, continuous curve) and 20 minutes (dotted lines). These figures show that β,β΄-
DH6T behaves as the p-type organic semiconductor. Importantly, further exposure of the device
in the air during 1 h resulted in further improvement of the current by almost one order of
magnitude (Figure 2.3.2). Such a behavior reflects a red-ox reaction of the β,β΄-DH6T film with
oxygen.
Figure 2.3.2. Plot of the drain current ID characteristic versus drain voltage VD at different gate vol-
tages (VG)  and  source-drain polarities (from –10 V to 0V smooth lines, from 0V to –10V dashed
lines) upon the long-time exposure of the device in the ambient atmosphere.
All tested devices displayed quite big hysteresis under recording changes of the source-
drain current from the gate voltage in the direct (Figure 2.3.3, continuous lines) and in the
opposite (Figure 2.3.3, dotted lines) charge flow directions. The observed hysteresis is mostly due
to the accumulation of charge carriers (holes) near the drain electrode (occurred during the first
cycle of the measurements). In that case the holes serve as a charge blocking layer prevented the
switching of the device ”on” during the second cycle of the measurements (when opposite
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polarity of the electrodes was applied). To switch the device “on” the blocking layer must be
destroyed that can be achieved either by higher applied gate voltage or by decreasing of the
switch rate.
The field effect mobility determined from the Figure 2.3.3 was found to be in the order of
3.98×10-5 cm²/Vs, and the threshold voltage – 3.5 V, and current on/off ratio 23. The threshold
voltage value is shifted to negative voltage, most probably, due to difference in the work
functions of the active layer (β,β΄-DH6T) and the electrode. Devices show low on/off ratio
obviously because of the doping of the active layer with oxygen.
Figure 2.3.3. Plot of the source-drain current ID characteristic versus gate voltage VG at different
source-drain voltages (VD) and gate-source VG polarities (from 1V to –6 V smooth lines; from –6 V to
1V dashed lines).
2.3.3. Intrinsic charge carrier mobility
The intrinsic charge transport properties of β,β΄-DH6T were measured by the PR-TRMC
technique (section 1.6).91 Charge carriers are produced in a powder sample by irradiation with
high-energy (10 MeV) electrons, and the resulting change in conductivity is monitored with R-
band microwaves (26-40 GHz). The technique has been described in detail in the literature by
Warman et al.92 The setup used for the experiments reported here has been described in ref. [89].
The PR-TRMC method does not rely on electrical contacts being made and thus avoids barrier
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problems between the electrodes and the sample, at domain boundaries and between crystallites.
The sum of charge carrier mobilities was determined to be Σµmin = 3.9× 10-3 cm2 V-1 s-1 (on the
basis of a pair formation energy of 25 eV, Figure 2.3.4), which is slightly less than the mobility
of regioirregular β,β΄-DH6T and 10 times less than the mobility of α,ω-DH6T.93,94
To find the reason for the poor electrical properties an extensive study of β,β΄-DH6T by means
of UV-vis spectroscopy, SEM, AFM, and X-ray techniques was performed.
Figure 2.3.4. Dose-normalized conductivity transient for β,β΄-DH6T as obtained from PR-TRMC
measurements using a 200 ns pulse of 10 MeV electrons.
2.4. UV-vis and fluorescent spectroscopy
UV-vis spectroscopy. UV-vis and fluorescense spectroscopy has been proven as a sensitive tool
for the investigation of conformational changes and intermolecular interactions of conjugated
systems in both solution and solid state.95,96,97,98 In chloroform solution β,β΄-DH6T exhibits a
broadened absorption band with λmax = 418 nm (Figure 2.4.1a).
The absorption shows no fine structure and is attributed to the π-π* transition of isolated
conformationally disordered molecules. In solid films of β,β΄-DH6T obtained by spin-coating a
red shift of 49 nm (λmax = 477 nm) and the appearance of a fine structure were observed (Figure
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2.4.1a, absorbance maximum at 449 and 518 nm). It is ascribed to the planarization of the
conjugated system and a formation of ordered structures. The fine structure is ascribed to a
progression of the π-π* transition related to the C=C vibronic transition.93-96
To investigate the stability of β,β΄-DH6T against the oxidation, the β,β΄-DH6T films were
electrochemically oxidized at two different potential 0.85 V and 1.1 V, which correspond to the
formation of  the polaron and  the bipolaron states, respectively (see Figure 2.2.3). The films
were then redissolved in chloroform and studied by UV-vis spectroscopy (see Figure 2.4.1b).
Figure 2.4.1. UV-vis spectra of the pristine (a) β,β΄-DH6T: film (the red line) and solution in chloroform
(the black line); and β,β΄-DH6T film (b) oxidized at 1.1V and then redissolved in chloroform.
It was found that blue film, which resulted from oxidation at 0.85 V β,β΄-DH6T quickly and
fully recovers the color (to orange) and UV-vis spectra of the pristine state (λmax = 418 nm) upon
dissolution in chloroform. In contrast, the oxidation at 1.1 V results in the green-black film,
which forms blue solution upon dissolution in chloroform. As follows from UV-vis spectra, two
forms of β,β΄-DH6T coexist in that case: the pristine molecularly dissolved conformationally
disordered one with the λmax = 418 nm, and the doped state (polaron) with λmax = 684 nm and two
shoulders at 630 and 774 nm (see Figure 2.4.1b). However, the solution becomes again orange
after one day thus reflecting low stability of the oxidized β,β΄-DH6T. The bipolaron absorbance
usually appeared at wavelength above 1100 nm and was not registered because of limitation of
the spectrometer used.
Fluorescence. Figure 2.4.2 shows fluorescence spectra of β,β΄-DH6T taken in chloroform and
a thin film. Excitation of β,β΄-DH6T in chloroform solution at λ = 419 nm results in strong
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emission in the near red region with λmax = 513 nm. In contrast, the peak emission of the β,β΄-
DH6T film (excitation at λ = 477 nm) is quenched, considerably red-shifted (to λmax = 581 nm)
and has a shoulder around of 620 nm.
Figure 2.4.2. Adsorption (a, b) and fluorescence (c, d) spectra of the β,β΄-DH6T film (b, d) and the β,β΄-
DH6T solution (a, c) in chloroform.
The data is consistent with a formation of excimers similar to previously reported for other
oligothiophenes.99 Thus, the fluorescence as well as the absorption spectra confirms the
formation of highly ordered β,β΄-DH6T film in which sexithiophene molecules adopt planar
conformation and are closely packed.
2.5. Morphology of β,β΄-DH6T
It was previously demonstrated that the efficiency of charge transport is directly related to the
long-range packing of molecules in the semiconducting film.65 Therefore the morphology the of
the β,β΄-DH6T films were investigated by optical microscopy, SEM, and AFM.
  Thin films were prepared by spin-coating from β,β΄-DH6T solution in chloroform as
described in experimental part (section 2.8). It was found that β,β΄-DH6T forms smooth and
homogeneous films on scales from several hundreds of micrometers to several hundreds of
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Figure 2.5.1. Optical micrographs of β,β΄-DH6T film deposited onto the device  (top-contact design): (a)
top view of the device with the gold source and drain electrodes; (b) and (c) extremely large crystallites of
lamellae morphology of about 100 µm.
nanometers. Figure 2.5.1a shows optical micrograph image of the device with the top-contact
configuration (see Section 1.5, Figure 1.5.1a) and reveals polycrystalline nature of the film.
a
b
c
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Importantly, the size of the crystallites usually exceeds 100 µm (Figure 2.5.1b, c). As shown by
SEM investigations, the morphology of β,β΄-DH6T films strongly depends on the temperature at
which the samples are prepared (Figure 2.5.2).
  Spin-coating from β,β΄-DH6T solution in chloroform at room temperature results in films
consisting of random oriented needle crystals with the grain size of about micrometer. In contrast,
lamellar structures were formed when β,β΄-DH6T was deposited at 40°C. Figure 2.5.2 illustrates
an intermediate case, the coexistence of both phases formed upon the deposition from the
solution at 30°C. Similar “switching” of the film morphology between a “single-crystals
phase”(which consist of randomly oriented monocrystals) and a “thin-film phase” (which consist
of long range well-ordered and densely packed molecules) by deposition conditions and strong
preference of the “thin-film phase” for good charge mobility have been previously demonstrated
for pentacene.98
Figure 2.5.2. SEM micrographs of β,β΄-DH6T film deposited onto the device.
  AFM studies allow to gain deeper insight into the fine structure of β,β΄-DH6T films. Figure
2.5.3 shows AFM images of different parts of the device with β, β΄-DH6T deposited at 40°C.
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They reveal the formation of the uniform lamellar networks of β,β΄-DH6T on the gold electrodes
as well as on the SiO2 surface between them (Figure 2.5.3b). A similar lamellar morphology is
also observed in the high-resolution AFM image (Figure 2.5.3e).
This type of scaling behavior of the thin-film morphology termed self-affinity is general for
OTs, and has been previously found in unsubstituted 6T and 5T films.57 AFM revealed the
formation of small flat terrasses crystallites grown on boundaries between large lamellae domains
(Figure 2.5.3a-c).
As shown in Figure 2.5.3c, the smallest step observed between adjacent terraces is about 1.5
nm, which is less than the longest axis of the β,β΄-DH6T molecule (molecular length: ~2.6 nm).
Only flat terrace structures was found when β,β΄-DH6T was deposited onto the hydrophobic
polymer film (benzocyclobutene, BCB). As in the previous case, the smallest step between
adjacent terraces is about 1.5 nm (Figure 2.5.4a, b).
Figure 2.5.3. Representative AFM images and cross-sections of β,β΄-DH6T film deposited onto the
device (bottom-contact design) by spin-coating at 40°C: (a) phase image, (c) topography image and (d)
cross-section of the terrace structures formed on defects; (b) large-scale and (e) small-scale topography
images of lamellar structures.
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Figure 2.5.4. Representative AFM images and cross-sections of β,β΄-DH6T film formed onto the
hydrophobic surface (BCB): topography image (a) and cross-section (b) of  the terraces.
Taking into account the great influence of the contacts quality on the electrical characteristics of
the device the areas around the gold electrodes (bottom-contact architecture, Section 1.5),  were
investigated more carefully. Figure 2.5.5a, b show AFM images of the edge of the uncoated
device with the step height of the gold electrodes of about 240 nm. The deposition of β,β΄-DH6T
results in the decrease of the height of the step up to 100 nm (Figure 2.5.5c). The areas
corresponding to β,β΄-DH6T and gold electrode are clearly distinguishable from the phase image
(Figure 2.5.5e).
Figure 2.5.5. Representative AFM images and cross-sections: of the uncoated device (bottom contact
design) - topography image (a) , and cross-section (b); of the device coated by β,β΄-DH6T in the area of
the contact - topography image (c), phase image (e), and cross-section (d); schematic profile (f) of the
coated device corresponding to the image (e) and reflecting a good contact between gold electrode and the
β,β΄-DH6T film.
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Although, the electrode surface is not completely covered, β,β΄-DH6T homogeneously covers
the edge of the electrode from the foot to the top, as schematically shown in Figure 2.5.5f. It
should be noted that an indication of contacts based on visual inspection, in general, does not
ensure that the film and electrodes form Ohmic contacts.
2.6. X-ray study of β,β΄-DH6T single crystal and films
    Although structures of several β,β΄-substituted 6T single crystals have been reported, there are
no structural data for films of β,β΄-DH6T. Exact knowledge of the crystalline structure and the
molecular orientation in OTs films is important for better understanding and tuning of their
charge transport properties. β,β΄-DH6T single crystal was grown upon slow evaporation from the
chloroform solution. The crystal data and structural results are given in Table 2.6.1. The atomic
numbering scheme, the positional parameters, the bound distances and bond angles are given in
Figures 2.6.1 and Tables 2.6.2-2.6.3.
Table 2.6.1. Crystal data and structural results of β,β΄-DH6T.
Empirical formula C36 H38 S6
Formula weight 663.1
Temperature 293(2) K
Crystal system, space group P21/c
a (Å) 13.879(3)
b (Å) 5.580(6)
c (Å) 22.205(4)
α (°) 90
β (°) 96.53(2)
γ (°) 90
Volume (Å3) 1708.4(5)
Z 4
Calculated density (g/cm3) 1.289
Crystal size (mm) 0.15 x 0.19 x 0.3
θ range for data collection (°) 2.23 to 25.92
Limiting indices -16<=h<=17, -6<=k<=6, -27<=l<=27
Reflections collected / unique 12721 / 3168 [R(int) = 0.0398]
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No. of variable parameters 186
Goodness-of-fit on F^2 1.069
R (F) 0.0819
wR (F) 0.2676
Largest diff. peak and hole (e.Å-3) 1.623 and -1.036
Figure 2.6.1. The atomic numbering scheme of β,β΄-DH6T.
Table 2.6.2. Atomic coordinates (x104) and equivalent isotropic displacement parameters (Å2x103) for
non-hydrogen atoms of β,β΄-DH6T.
Atom x y z U(eq)
S(1) 2173(2) 1853(4) 778(1) 81(1)
S(2) 3890(1) -935(2) 2377(1) 39(1)
S(3) 4107(1) 1726(2) 4249(1) 40(1)
C(1) 2287(5) 131(16) 194(3) 70(2)
C(2) 2793(5) -1825(13) 309(3) 61(2)
C(3) 3228(2) -2191(7) 970(2) 18(1)
C(4) 2847(3) 44(10) 1265(2) 40(1)
C(5) 3042(3) 660(9) 1910(2) 37(1)
C(6) 2626(3) 2385(10) 2223(2) 41(1)
C(7) 2974(3) 2492(9) 2855(2) 35(1)
C(8) 3670(3) 754(9) 3006(2) 34(1)
C(9) 4200(3) 101(9) 3588(2) 34(1)
C(10) 4804(4) -1818(10) 3709(2) 42(1)
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C(11) 5183(4) -1990(10) 4319(2) 45(1)
C(12) 4881(3) -205(9) 4678(2) 33(1)
C(13) 2613(3) 4218(9) 3293(2) 40(1)
C(14) 1775(4) 5863(10) 3047(2) 42(1)
C(15) 1451(4) 7447(11) 3535(2) 47(1)
C(16) 612(4) 9076(12) 3343(3) 57(2)
C(17) 316(5) 10603(16) 3868(4) 87(3)
C(18) -483(7) 12320(19) 3682(6) 116(4)
Table 2.6.3. Bond lengths [Å] and angles [°] for β,β΄-DH6T.
S(1)-C(1) 1.637(7) C(7)-C(8) 1.384(7)
S(1)-C(4) 1.683(5) C(7)-C(13) 1.495(6)
S(2)-C(5) 1.724(5) C(8)-C(9) 1.457(6)
S(2)-C(8) 1.742(5) C(9)-C(10) 1.368(7)
S(3)-C(12) 1.729(4) C(10)-C(11) 1.400(7)
S(3)-C(9) 1.742(5) C(11)-C(12) 1.370(7)
C(1)-C(2) 1.307(1) C(12)-C(12)#1 1.451(8)
C(2)-C(3) 1.535(7) C(13)-C(14) 1.532(6)
C(3)-C(4) 1.531(6) C(14)-C(15) 1.507(7)
C(4)-C(5) 1.467(6) C(15)-C(16) 1.500(7)
C(5)-C(6) 1.354(7) C(16)-C(17) 1.537(9)
C(6)-C(7) 1.433(6) C(17)-C(18) 1.487(1)
C(1)-S(1)-C(4) 93.5(3) C(7)-C(8)-C(9) 131.2(4)
C(5)-S(2)-C(8) 91.9(2) C(7)-C(8)-S(2) 111.5(3)
C(12)-S(3)-C(9) 92.2(2) C(9)-C(8)-S(2) 117.3(4)
C(2)-C(1)-S(1) 115.7(5) C(10)-C(9)-C(8) 127.3(4)
C(1)-C(2)-C(3) 116.3(5) C(10)-C(9)-S(3) 110.1(3)
C(4)-C(3)-C(2) 100.6(4) C(8)-C(9)-S(3) 122.6(4)
C(5)-C(4)-C(3) 125.1(4) C(9)-C(10)-C(11) 113.5(4)
C(5)-C(4)-S(1) 120.9(4) C(12)-C(11)-C(10) 114.0(4)
C(3)-C(4)-S(1) 114.0(3) C(11)-C(12)-C(12)#1 129.6(5)
C(6)-C(5)-C(4) 128.7(4) C(11)-C(12)-S(3) 110.2(3)
C(6)-C(5)-S(2) 111.1(3) C(12)#1-C(12)-S(3) 120.2(5)
C(4)-C(5)-S(2) 120.2(4) C(7)-C(13)-C(14) 116.8(4)
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C(5)-C(6)-C(7) 114.6(4) C(15)-C(14)-C(13) 111.8(4)
C(8)-C(7)-C(6) 110.9(4) C(16)-C(15)-C(14) 115.9(4)
C(8)-C(7)-C(13) 124.8(4) C(15)-C(16)-C(17) 112.7(5)
C(6)-C(7)-C(13) 124.3(4) C(18)-C(17)-C(16) 113.7(8)
Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y,-z+1
Figure 2.6.2 shows the crystal structure of β,β΄-DH6T with a monoclinic arrangement and the
space group P21/c. The thiophene rings are nearly planar. The dihedral angles between the
thiophene rings are 3-4°, which is very close to the values for unsubstituted 6T. The hexyl chains
adopt a planar zigzag conformation. Such an observation is consistent with previously reported
data.100 β,β΄-DH6T molecules display a herringbone arrangement as seen from the Figure 2.6.2c
which presents a view of the unit cell in the plane of the thiophene backbone along the molecular
long axis.
Figure 2.6.2. Representation of the crystal packing of β,β΄-DH6T: the view along b axis (a); the view in
the plane of two stacked β,β΄-DH6T molecules as shown by the white arrow (b); the view in the plane of
the aromatic backbone along the molecular long axis (c).
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Figure 2.6.3. X-Ray diffractograms of a powder ( the red line) and 110 nm thick film of β,β΄-DH6T (the
black line).
Such a motif is typical for the packing for planar conjugated aromatics such as acenes and
OTs.101 Two β,β΄-DH6T molecules of the unit cell are stacked as in the 6T crystal, and the
distances between centers of neighboring molecules is 5.58 Å.
Two other molecules of the unit cell are considerably shifted with respect to each other, so that
only the last aromatic ring of one molecule is projected onto the first ring of the other one and the
distance between the centers of this rings is equal to 7.6 Å (Figure 2.6.2b, c). To understand the
orientation of β,β΄-DH6T molecules in thin film X-ray investigation of the film was performed.
Figure 2.6.3 (bottom line) shows the X-ray pattern of a 110 nm β,β΄-DH6T film deposited by spin
coating from chloroform solution at 40°C. The diffractogram contains only the strong reflection
at 2θ = 6.32° (13.97 Å) that is close to the a-axis of the unit cell (a = 13.88 Å). Similar angular
positions of the low-angle reflection might indicate that the the film, powder and single crystal
exhibit the same crystalline structure.
The absence of all other the reflections in the film indicates the strong orientation of β,β΄-
DH6T molecules as shown in Figure 2.6.2. Thus, in contrast to the almost upright orientation of
α,ω -DH6T and 6T molecules against the substrate (tilt angle 67-68°), the long axis of β,β΄-DH6T
molecules and its projection onto the surface plane, form an angle of about 20°. Such a result is in
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agreement with AFM data: the reflection at 6.32° corresponding to the interlayer d-spacing 13.97
Å is close to the smallest thickness of terraces observed by AFM (about 1.5 nm, Figure 2.5.3a, d).
It was previously shown85 that the molecular orientation and charge transport properties in
some cases are dependent on the underlying surface. β,β΄-DH6T films were prepared onto a Si
wafer modified  with polystyrene film using “grafting to” method, and onto the Si-substrate
hydrophobized by octadecyl dimethyl chlorosilane. No difference in the films morphology,
crystalline structure and molecular orientation studies were found, as revealed AFM and X-
ray measurements.
2.7. Discussion and conclusions
In contrast to the regioirregular β,β΄-DH6T which forms disordered films, regioregular β,β΄-
DH6T crystallizes in a smooth and well-ordered film of planar molecules packed in a
herringbone fashion. From this point of view, such an organization of β,β΄-DH6T is similar to the
organization observed for other OTs displaying excellent field effect mobility (FEM) (for
example α,ω-DH6T). The sum of charge carrier mobilities of regioregular β,β΄-DH6T measured
by PR-TRMC technique was found to be Σµmin = 3.9×10-3 cm2 V-1 s-1, which is also comparable
with the PR-TRMC mobility found for α,ω-DH6T. The FEM of β,β΄-DH6T was found to be of
the order of 10-5 cm2 V-1 s-1, which is significantly higher than the mobility of regioirregular
β,β΄-DH6T reported by Garnier. Thus, it is clear that regioregularity of the molecular structure
indeed controls the molecular order in the film and, consequently, the charge transport properties.
Nevertheless, the FEM of β,β΄-DH6T is still considerably lower than FEM of α,ω-DH6T. To
understand the reason for such a striking difference in the properties of homologous compounds,
their crystalline structures were analyzed and compared. There are several important differences
in the molecular packing of β,β΄-DH6T, α,ω-DH6T and 6T. The unit cells of α,ω-DH6T and 6T
consist of two pairs of molecules stacked along the long axis in two self-perpendicular planes.
The distances between the centers of neighboring 6T molecules are 4.95 Å for one pair and 5.5 Å
for the second pair.18 The only one of the pairs of β,β΄-DH6T molecules is stacked (the distance
between centers of neighboring β,β΄-DH6T molecules is 5.58 Å) whereas  the other two
molecules are largely shifted with respect to each other and the distance between the centers of
overlapped rings is 7.6 Å. On the other hand, the X-ray study of the β,β΄-DH6T, α,ω-DH6T, and
6T films reveals their different molecular orientations. As opposed to the favored for charge
transport almost upright orientation of α,ω-DH6T and 6T molecules against the substrate (tilt
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angle 67-68°), β,β΄-DH6T molecules are oriented almost parallel to the surface (the β,β΄-DH6T
long axis and the surface plane form an angle of about 20°). Thus, assuming that the maximal
charge transport is realized in the direction perpendicular to the plane of the thiophene rings,6-19
the crystalline structures of 6T and α,ω-DH6T favored the current flow in two almost self-
perpendicular directions.19 However, the unit cell of β,β΄-DH6T is strongly anisotropic and only
one possibility is “allowed” for the current to pass through the β,β΄-DH6T crystal as shown by
the arrow in Figure 2.6.2b. This direction is virtually perpendicular to the direction of the applied
potential. The molecular packing of β,β΄-DH6T also impedes the charge transport in the direction
parallel to the molecular long axis. As seen from the Figure 2.6.2a, although all β,β΄-DH6T
molecules are aligned along the molecular long axis, they are isolated from other by
nonconductive alkyl chains. Such a strong dependence of charge transport properties on the
orientation of β,β΄-DH6T crystalline domains is not so important for PR-TRMC measurements,
which provide information on the charge carrier mobility over small distances (over a few
nanometers). The PR-TRMC method allows for the estimation of the average carrier mobility
assuming that the crystallites in the powdered sample are randomly oriented. A following
explanation for the observed discrepancy between the FEM mobility and the PR-TRMC mobility
is proposed. The carrier transport properties as measured by PR-TRMC are over distances much
smaller than those of ordered domains in the crystals and can thus be considered as the maximum
free-trap in-domain mobility values. This can easily account for the much lower carrier mobility
values observed for the FEM measurements, which rely on carrier transport over macroscopic
distances through many domains that may not be oriented for optimal carrier transport.
2.8. Experimental part
General Procedures: All chemicals were purchased from Aldrich and used as received.  1H and
13C NMR spectra were recorded on a Bruker DRX-500 spectrometer at frequencies of 500.13
MHz (1H) and 125.76 MHz (13C) with tetramethylsilane as an internal standard. UV-vis
measurements were carried out using a Perkin Elmer Lambda 19 UV-vis spectrometer. MALDI-
TOF MS was performed on a Bruker Biflex IV mass spectrometer. For AFM measurements we
used a multimode AFM instrument (Digital Instruments, Santa Barbara) operating in the tapping
mode. Silicon tips with a radius of 10-20 nm, a spring constant of 0.3 N/m, and a resonance
frequency of 250-300 KHz were used. SEM images were taken with a Gemini microscope (Zeiss,
Germany). Crystallographic data of the single crystal were collected at 293 K on a STOE IPDS
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with Mo Kα radiation (λ= 0.71073 Å). The structure was solved by direct methods using
SHELXS-97102 and was refined by the full-matrix least-squares method with SHELXS-93.103
XRD diagrams of powders were recorded in the transmission mode using X-ray diffractometer
P4 (Siemens AG Karlsruhe) with Cu Kα radiation (monochromatization by the primary graphite
crystal; primary pinhole Ø = 0.5 mm; detector distance 12 cm). XRD diagrams of the films were
recorded in the reflection mode using XRD 3003 (Seifert-FPM Freiberg/Sa.)
(monochromatization by the primary multilayer system).
Synthesis (see Section 2.2, Scheme 2.2.1).
3,3'''-Dihexyl-2,2';5',2'';5'',2'''-tetrathienyl (2). To a solution of 3.24 g (0.01 mol) of 5, 5'-
dibromothiophene and 60 mg of NiCl2(dppp) in 100 mL of ether was added dropwise a 2-
thienylmagnesium bromide/ether solution (0.022 mol). The resulting solution was stirred at room
temperature overnight, hydrolyzed with ice cold 1 N HCl, and then extracted with ether. The
organic layer was dried over MgSO4 and evaporated. The residue was purified by a flash
chromatography and 3.68 g (74 %) of 2 was obtained. 1H NMR: δ 7.171 (d., J = 5.21 Hz, 1H), δ
7.12 (d., J = 3.7 Hz, 1H), δ 7.015 (d., J = 3.7 Hz, 1H), δ 6.93 (d., J = 5.2 Hz, 1H), δ 2.776, (t., J =
7.8 Hz, 2H), δ 1.64 (m., 2H), 1.35 (m., 6H), δ 0.88 (m., 3H). UV-vis (CHCl3): λmax = 382.4 nm.
5,5'''-Dibromo-3,3'''-Dihexyl-2,2';5',2'';5'',2'''-tetrathienyl (3). A 2.63 g (0.015 mol) sample of
bromosuccinimide (NBS) was added to the solution of 2 (3.68 g, 0.0074 mol) in 30 mL of a
chloroform-acetic acid mixture (50/50 v/v) in the absence of light, under an argon atmosphere, at
temperature 0°C. The mixture was allowed to reach room temperature, and stirred overnight, and
hydrolyzed with 50 mL  of ice-water, and the aqueous phase extracted with chloroform. The
combined extracts were washed with water, dried (MgSO4), and concentrated.  The residue was
purified by flash chromatography to give 4.48 g (0.0068 mol) of dibromide 3 (92% yield).1H
NMR (400 MHz, CDCl3): δ 7.08 (d., J = 3.8 Hz, 1H), δ 6.94 (d., J = 3.8 Hz, 1H), δ 6.88 (s., 1H),
δ 2.70 (t., J = 7.7 Hz, 2H), δ 1.604 (m., 2H), δ 1.298 (m., 6H), δ 0.864 (m., 3H).
2,2';5',2'';5'',2''';5''',2'''';5'''',2'''''-Sexithiophene (β,β΄-DH6T). This compound was prepared in a
manner similar to that of 2 from 3.28 g (0.005 mol) of 3, 30 mg of NiCl2(dppp), and 0.001 mol of
2-thienylmagnesium bromide. After 20 h of reaction time, a deep orange precipitate was filtered
off and dried under reduced pressure (yield 2.7 g, 82%). The crude product was twice purified by
column chromatography (silica gel, hexane) and then 3-5 times was crystallized from chloroform.
1H NMR (400 MHz, CDCl3): δ 7.209 (d.d., J1 = 5 Hz, J2 = 0.8 Hz, 1H); δ 7.163 (d.d., J1 = 3.5
Hz, J2 = 0.8 Hz, 1H), δ 7.127 (d., J = 3.8 Hz, 1H), δ 7.035 (d., J = 3.8 Hz, 1H), δ 7.014 (t., J1 = 5
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Hz, J2 = 3.5 Hz, 1H), δ 7.011 (s., 1H), 2.76 (t., 2H), δ1.6-1.3 (m., 8H), δ 0.86 (m., 3H). 13C NMR
(CDCl3, ppm, TMS):  δ 140.48; 137.12; 136.68; 135.22; 135.01; 129.30; 127.86; 126.66; 126.35;
124.42; 123.91; 123.64; 31.65; 30.45; 29.50; 29.23; 22.61; 14.10. MS: m/e 662 (M+•). UV-vis
spectra (CHCl3): λmax = 418 nm. Mp: 128.78°C.
Samples Preparation. Highly polished Si wafers (obtained from Wacker-Chemitronics) were
first cleaned in an ultrasonic bath three times for 5 min with dichloromethane, placed in a
cleaning solution (prepared from NH4OH and H2O2) for 1 h, and finally rinsed several times with
Millipore water (18 MΩ cm). β,β΄-DH6T was deposited onto a Si wafer by spin-coating (2000
rot/min) from 2-5% solution in CHCl3. The thickness of the resulting  film was evaluated by
ellipsometry (30-130 nm dependent on concentration). For hydrophobization freshly cleaned Si
wafers were placed in a 2% solution of octadecyldimethylchlorosilane in CHCl3 for a respective
time (from 10 min to overnight), and then rinsed with pure CHCl3,  and finally dried with an
argon flux. The BCB slide was rinsed with CHCL3 dried than freshly prepared 2-5% solution of
DHT6 in CHCl3 by spin-coating was deposited.
“Grafting to” method. The Si substrate was modified by polystyrene (PS) via “grafting to”
methods using a carboxyl terminated PS  (Polymer Source, Inc., Canada; MW = 41.5 kg/mol, PDI
= 1.06). The highly polished Si wafer (obtained from Wacker-Chemitronics) after cleaning in an
ultrasonic bath three times for 5 min with dichloromethane was dried under a stream of dry
nitrogen. The wafer was then immersed into a 0.2% solution of polyglycidyl methacrylate
(PGMA) in chloroform and removed under cover to dry. PGMA was used as an interlayer
binding agent. The functionality of the epoxy groups pendant to the main chain allow bonding to
both the Si surface and the deposited polymer chains by reaction with the carboxylic acid group.
Then the Si wafer was placed in a vacuum oven at 150°C to anneal for a period of 24 hrs. To
remove ungrafted PS, the wafer was placed in THF and ultrasonicate for 10 minutes (several
times). Each step of the grafting process was experimentally monitored by ellipsometry. The final
thickness of the PS layers was about 10 nm. The crystal structure of β,β΄-DH6T has been
deposited at the Cambridge Crystallographic Data Center and allocated the deposition number
CCDC 232590.
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Chapter 3
Designing of Thiophene-Based Azomethine Oligomers with Tailored
Properties: Self-Assembly and Charge Carrier Mobility
Abstract
This chapter describes synthesis and characterization of two thiophene-based azomethines
designed to optimize solubility, self-assembly, and charge carrier mobility. It was found that
incorporation of azomethine and amide moieties in the α,ω-position, and hexyl chains in β-
position of the quaterthiophene, considerably improves the self-assembly properties without
suppression of solubility. Self-assembly of azomethine oligomers with (QT-amide) and without
amide moieties (QT-aniline) were monitored by UV-vis, XRD, and AFM. Although no changes in
the UV-vis spectrum of QT-aniline is observed upon addition of hexane to the solution in THF,
the addition of hexane to QT-amide solution induces a red shift of λmax and appearance of fine
structure believed to be vibronic in nature. The concentration dependence of the
solvatochromism gives strong support for the inter-molecular origin of this effect and clearly
indicates that the planarization of oligomer backbone is forced by the aggregation. Although, no
clear signs of the molecular order for various QT-aniline films are observed by AFM, UV-vis and
XRD measurements, the QT-amide film after the annealing at 180°C displays important
molecular and macroscopic orientations. The sum of charge carrier mobilities as determined by
pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) technique for QT-aniline was
shown to be below the detectable limit; the mobility of QT-amide was determined to be 1×10-2
cm2 V-1 s-1, which is comparable with the mobilities of the best organic semiconductors. All these
significant differences in properties of related compounds can be attributed to the hydrogen
bonding between QT-amide molecules responsible for the observed self-assembly.
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3.1. Introduction
Most of unsubstituted oligothiophenes (OTs) are insoluble, which suppresses their potential
industrial utility. The high charge carrier mobility and poor solubility of OTs originate from the
fundamental property of π-conjugated systems to pack efficiently into stacks. Therefore, the
solubility and the charge carrier mobility, in many cases, represent mutually “antagonistic”
properties. It was previously shown that attempts to improve the solubility by incorporation of
substituents in the aromatic backbone in β-position usually breaks the conjugation between
adjacent oligothiophene molecules and, hence, diminishes their electronic properties.19 On the
other hand, insertion of some mesogenic groups,104 aimed to improve a molecular order, as a rule,
decreases the solubility. Garnier at al. have introduced a new molecular engineering approach to
design organic semiconductors with desired self-assembly properties through the incorporation of
mesogenic groups in α,ω-position of aromatic backbone of sexithiophene.19,105 Newly designed
systems showed an excellent ability to form extended crystalline structures and good charge
transport properties, but still displayed poor solubility. Recently, Feringa at al. have described a
range of OTs with urea moieties in α,ω-position of the backbones.106,107,108 Due to the
combination of hydrogen bonding and π-stacking interactions these compounds can self-assemble
into long one-dimensional structures. Although such a molecular organization significantly
improves the charge transport inside the stacks, these OTs, again, appear to be poorly soluble in
usual organic solvents.107
Aromatic polyazomethines constitute a readily accessible class of π-conjugated polymers with
useful optoelectronic properties.109,110 They can be produced in mild conditions from easily
available diamines and dialdehydes. One of the most straightforward way to incorporate an
oligothiophene moiety into polyazomethine structure is to utilize thiophene-based dialdehydes,
available by the Vilsmeier-Haack formylation.111,112 Resulting polyazomethines are only partially
soluble in the entire state, but can be dissolved in organic solvents after complexation with Lewis
acids.113 The latter procedure, however, lead to doping of polyazomethines that is undesirable for
some applications, such as for instance organic FET. That is why development of new conjugated
aromatics that possess a good solubility in the pristine state and good charge carrier mobilities is
still a valuable goal.
By following the above-mentioned ideas, a new thiophene-based azomethine oligomers that
contained (a) alkyl groups in the β-position of the oligothiophene backbone to derive the
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solubility (b) azomethine and amide moieties to force self-assembling in the desired way through
the hydrogen bonding and a dipole-dipole interactions were designed (Chart 3.1.1).
Chart 3.1.1.
The idea was to utilize the ability of the amide group to form strong hydrogen bonds in non-
polar solvents and in the solid state, but to be easily broken in presence of polar solvents. Thus, at
the stage of dissolution and deposition, when the solubility is important, the hydrogen bonding
can be “switched off” simply by adding polar solvents and then, after the removal of polar
additives, the self-assembly can be “switched on” again. To simplify the synthesis, a modular
approach was applied. It allows to produce a number of related compounds with systematic
variation of the substitution pattern through the Schiff condensation of properly substituted and
easily available building blocks through symmetric synthesis. Thus, properties of resulting
materials, including optical, electrical, and self-assembly, can be tuned by the incorporation of
appropriate groups in starting building blocks.110 In this chapter synthesis, aggregation, and
charge mobility of two related thiophene-based azomethines with and without the amide moiety
are described. The questions, how the aggregation and the charge carrier mobility depend on their
structure is discussed in this chapter.
3.2. Synthesis and characterization
The synthesis is based on the condensation of dihexylquaterthiophene dialdehyde (QTDA),
produced from easily available dihexylquaterthiophene88 by Vilsmeier-Haack formylation, with
corresponding amines: heptanoic acid (4-aminophenyl)amide  (PDA-Ac), and aniline (Scheme
3.2.1).
QTDA was obtained by the stirring of DHQT solution with the mixture of DMF and POCl3
(Vilsmeier reagent) as a deep-red solid. The thermal properties are shown in the Figure 3.2.1. The
heating run clearly shows a first endothermic peak centered at 111.5°C which is attributed to a
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transition from a 3D organization to a mesophase followed by a second endothermic peak at
125.8°C, which is due to melting of the material. The chemical structure was proven by spectral
data. Among characteristic signals in 1H NMR spectrum the singlet at δ 9.80 ppm is attributed to
the aldehyde moiety. Because of symmetrical structure 13C NMR spectrum contains only 15
signals: δ182.378 ppm of aldehyde carbon, 8 signals of the aromatic system (140-128 ppm), 6
signals of hexyl group (see Experimantal part).
Scheme 3.2.1. Synthesis of  the thiophene-based azomethine oligomers.
PDA-Ac was synthesized in moderate yield by acylation of p-phenylenediamine using
stoichoimetric amounts of the reagents. Since p-phenylenediamine is a bis-functional compound,
the reaction leads to the mixture of unreacted diamine, bis-adduct, and desired monoadduct. The
distribution of the products is usually far from the statistical one and strongly depend on the
reaction conditions. The best yield of the desired PDA-Ac was obtained when the solution of
heptanoyl chloride was added dropwise very slowly at low temperature (-40°C). Increase of the
mixing temperature significantly increases the yield of the undesired bis-adduct. Assuming that
the activation barriers for both acylation steps are (nearly) the same, the following explanation is
possible. In general, the dropwise addition always leads to some local over-concentration of the
added reagent.
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Figure 3.2.1. Differential scanning calorimetry trace of QTDA powder.
At room temperature heptanoyl chloride immediately reacts with p-phenylenediamine and
forms bis-adduct in the areas of over-concentration of heptanoyl chloride even upon intense
stirring. To prevent the formation of the bis-adduct the reaction temperature was lowered that
decreased the rate of acylation. The chemical structure of PDA-Ac was proven by spectral data
(see experimental part). FTIR spectrum contains characteristic signals of the amino-group (3392
cm-1 N-H- stretch), the amide moiety (3280 cm-1, N-H-stretch; 1648 cm-1, C=O-stretch, amid I;
1533 cm-1, C-N-stretch, amid II), and signals of the alkyl group 2926 (C-H-bend). 1H NMR
contains two doublets of the aromatic protons (δ 7.26 and  δ 6.23 ppm with coupling constant J =
8.6 Hz) and protons of the hexyl group (δ 2.29-0.88 ppm).
The Schiff bases were obtained in a high yield and could be separated by filtration and purified
by crystallization. QT-aniline (the adduct of QTDA and aniline) is a red solid and highly soluble
in organic solvents (such as chloroform and THF). The thermal properties presented in Figure
3.2.2a, are similar to that of QTDA. The heating run shows a first endothermic peak centered at
60.9°C, which is attributable to a transition from a 3D organization to a mesophase followed by a
second endothermic peak at 111.8°C, which is due to melting of the material. The structures of
QT-aniline was confirmed by analysis of NMR, IR and UV-vis spectra.
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Figure 3.2.2. Differential scanning calorimetry traces of QT-aniline (a) and QT-amide (b) powders.
Figure 3.2.3. MALDI-TOF spectrum of QT amide reveals presence of some unidentified impurities.
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The appearance of a signal with δ 8.47 ppm (1H) and 152.48 ppm (13C) in the NMR spectra,
instead of the signals with the δ 9.80 ppm (1H) and δ 182.378 ppm (13C), confirms the
transformation of the aldehyde group into the azomethine moiety.
Figure 3.2.4. FTIR spectra of QT-aniline (a) QT-amide (b) in THF solution.
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The molecular peak with m/e 704 (M+•) in the MALDI-TOF spectrum corresponds, to the
molecular weight of QT-aniline. FTIR reveals the presence of alkyl group (2921 cm-1, C-H-bend)
and azomethine group (1578 cm-1, C=N-stretch), 1435 cm-1 (C-C ring stretch) Figure 3.2.4 a.
QT-amide (the adduct of QTDA and PDA-Ac see Scheme 3.2.1) is a red solid with the melting
point of 202 °C (Figure 3.2.2 b). QT-amide is  poorly soluble in chloroform, but is highly soluble
in THF or in chloroform-methanol mixture (5-10 vol % of methanol). The chemical structures of
QT- amide is confirmed by analysis of NMR, IR and UV-vis spectra. FTIR reveals presence of
the amid moieties (3300-3100 cm-1 (N-H-stretch); 1700 cm-1 (C=O-stretch); 1530 cm-1 (C-N-
tretch, amid II), the azomethine group (1607 cm-1 (C=N-stretch)),  the aromatic system (1448 cm-
1 (C-C ring stretch)) and the alkyl group 2922 cm-1 (C-H-bend) (Figure 3.2.4 b). In contrast to the
spectrum of QT-aniline, the 1H NMR spectrum of QT-amide depend on the solvent and
temperature, as expected for a compound, which possess strong tendency to aggregate. Thus, the
signal of amide proton appears at δ 9.82 ppm in pure chloroform, at δ 9.48 ppm in DMSO-d6,
and disappears when the spectrum is recorded in the chloroform-methanol mixture. The position
of the azomethine proton varies from δ 8.58 ppm in the DMSO-d6/chloroform mixture to δ 8.39
ppm in the chloroform-methanol mixture. The signal of the aromatic proton nearest amid group
(Hb, Scheme 3.2.1) moves from δ 7.65 ppm in the DMSO-d6 to δ 7.48 ppm in the chloroform-
methanol mixture. The position of other aromatic protons also depends on the used solvent, and
shifts on about 0.1 ppm. According to the symmetrical structure of QT-amide, the 13C NMR
spectrum contains 26 signals. Among them the signal of the amide carbon lies at δ 171.10 ppm,
the signal of azomethine carbon at δ 150.55 ppm, the signals of the 12 aromatic carbon are in the
region from δ 145.15 to δ 119.58 ppm, and the signals of the 12 alkyl groups with the shift
between δ 36.46 and δ 13.69 ppm. The molecular peak in MALDI-TOF spectra (m/e 958 (M+•))
corresponds to the molecular weight of the QT-amide (Figure 3.2.3).
3.3. Characterization in solution
 The QT-amide and QT-aniline was studied using UV-vis spectroscopy, monitoring the changes
in the π→π* transition arising from conformational transitions of oligomer backbones.
Aggregation in solution normally occurs upon the medium changes such as solvent evaporation
or solvent quality altering from that, in which the substance is more soluble to those, in which
substance is less soluble. In chloroform (CHCl3) both oligomers are soluble. This kind of solvents
normally termed as a “good solvent”.114 Hexane is a non-solvent for both QT-amide and QT-
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aniline. Obviously, the solubility of oligomers in mixture of CHCl3 and hexane, depending of
solvents ratio, will increase or decrease. This changes of the solubility were named as a changes
of the solvent “quality”114 from “good” to “bad”, respectively. In CHCl3, QT-amide and QT-
aniline show similar broad absorption spectra with λmax = 442 and 432 nm, respectively,
indicative of a random twisted conformations. No change of the UV-vis spectra was observed
upon addition of hexane to QT-aniline solution in CHCL3. In contrast, a step-wise addition of
hexane to QT-amide solution in CHCL3 induces a gradual red shift of λmax to about 500 nm and
the appearance of the fine structure (shoulders at 360 and 545 nm), that reflects planarization of
the backbone (Figure 3.3.1).115,116,117,118,119
Figure 3.3.1. Solvent dependent UV-vis absorption spectra of QT-amide at constant oligomer
concentration (0.01g/L) at different chloroform–hexane ratio (from 1/0 to 1/3, v/v). Spectra were recorded
15 minutes after the addition of hexane.
Similar transformations of absorption spectra occurred in chloroform-hexane mixture  that was
recently monitored for polyalkyl thiophenes (PATs).114 It was shown, that reconformation of
PATs is an intramolecular process independent of the polymer concentration (the concentration
was varied within 2 orders of magnitude).
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Figure 3.3.2. Concentration-dependent UV-vis absorbtion spectra of QT- amide at constant chloroform-
hexane ratio – 1/2 (v/v).
Figure 3.3.2 shows the evolution of the UV-vis spectra for QT-amide upon increasing the
oligomer concentration at a constant chloroform/ hexane ratio (1/2). No change in the UV-vis
spectra at low QT-amide concentra-tions (0.001 to 0.005 g/L) was found. However, when the
concentration of QT-amide reaches a value of 0.01 g/L the UV-vis spectra display  a strong
dependence on the oligomer concentration. Hence, such a transformation resembles the process
that occurs during the change from a good to a poor solvent (Figure 3.3.1), and reflects the
transition from a twisted to a more planar conformation. The concentration dependence of the
solvatochromism gives strong support for the intermolecular origin of this effect, and clearly
indicates that a planarization of the oligomer backbone is induced by the aggregation.
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Figure 3.3.3. Time-dependent UV-vis absorption spectra of QT-amide at constant chloroform – hexane
ratio - 1/1.9 (v/v) and constant QT-amide concentration (0.02 g/L).
All of the spectra shown were recorded 15 minutes after the addition of hexane and present an
equilibrium state. Figure 3.3.3 shows the transformation of the QT-amide spectra recorded as a
function of the time with a fixed chloroform-hexane ratio (1/1.9). The spectra obtained after
addition of hexane and stirring for 1 min (λmax = 450 nm), resemble the spectra obtained for QT-
amide recorded in pure chloroform (Figures 3.3.1 yellow line). When recording the spectra after
9 min a large red shift (to λmax = 462 nm) is observed. The spectrum also develop shoulders
around 360 and 550 nm.
Similar “assisted planarization” has been described previously by Janssen at. al. for substituted
oligothiophenes.13 In that case the aggregation (and planarization) was driven by the π-stacking
interaction. QT-amide aggregate due to the combination of π-stacking, dipole-dipole interactions
and hydrogen bonding.120,121,122 The important role of hydrogen bonding can be deduced from the
spectral data: when the formation of hydrogen bonds is impossible (for QT-aniline) the
aggregation (and planarization) does not occur.
Additional information about the mechanism of QT-amide aggregation and the structure of
formed aggregates can be extracted from fluorescence spectroscopy data. Figure 3.3.4 compares
fluorescence spectra of QT-aniline, QT-amide and β,β΄-DH6T in THF taken at the same molar
concentration. β,β΄-DH6T exhibits strong fluorescence at λmax = 513 nm and the fluorescence of
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QT-aniline (λmax = 536 nm) slightly decreases. In contrast, QT-amide shows only weak
fluorescence at near the same position (λmax = 537 nm).
Figure 3.3.4. Fluorescence spectra of (a) β,β΄-DH6T, (b) QT-aniline, and (c) QT-amide in THF taken at
the same molar concentration.
The observed decrease of the fluorescence intensity is usually attributed to aggregation, which
results in a self-quenching of the emission.123 Thus, aggregation occurs even upon the dissolution
in THF which is a good solvent for QT-amide (good, at least, on the base of visual inspection of
the solution). Obviously, dissolution of QT-amide in THF leads to several-molecules pre-
aggregates which do not scatter a light due to their small dimension. As  shown above, the
aggregation occurred only upon addition of the non-solvent derives a strong reconformation of
the QT-amide backbone from random twisted into a more planar conformation. The fact, that the
absorption and emission spectra of molecularly dissolved QT-aniline and pre-aggregated QT-
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amide dissolved in pure THF, have the same shape and position, shows that the pre-aggregation
of QT-amide in THF does not result in planarization of the backbone.
FTIR spectroscopy confirms the hydrogen bonding occurred even in diluted solutions of QT-
amide in THF. The spectra (Figure 3.2.4b) contain a number of  the signals at 3200-3300 cm-1
attributed to N-H stretch band of QT-amide and is similar to the spectra of the QT-amide film.
The position of the band reflects the strong hydrogen bonding occurred between NH and C=O
moieties. The absence of signals around 3500-3400 cm-1 shows that all of QT-amide molecules
are involved in the hydrogen bonding.124
Thus, the mechanism of QT-amide aggregation becomes clearer. On the first stage QT-amide
molecules form loosely connected small aggregates even in the pure THF due to hydrogen
bonding between amide moieties. Such a pre-aggregation does not result in reconformation of the
QT-amide backbone although sufficiently quenches the fluorescence. Then the aggregation
increase, as the solvent quality becomes poorer. The later stage of aggregation, obviously, driven
by the π–stacking interactions additionally to the hydrogen bonding, assists the planarization of
the aromatic backbone.
3.4. Films morphology and structure
Atomic force microscopy. The morphologies of QT-aniline and QT-amide films as well as of
the precursor QT-aldehyde were studied by atomic force microscopy (AFM). Although QT-
aldehyde crystallizes in particles of several hundreds of micrometer upon  the spin-coating from
the chloroform or THF solutions, QT-amide and QT-aniline display excellent film-forming
properties, and form homogeneous layers that fully cover surfaces. As an example, Figure 3.4.1
shows smooth and featureless films of QT-aniline (a) and QT-amide (b) deposited by spin-
coating from THF solution onto a Si-wafer and random oriented crystals of QT-aldehyde (c-d).
No improvement of the morphology of the QT-aniline and QT-aldehyde films was observed after
annealing at different temperatures. In contrast, annealing of QT-amide films during 3 h at 180°C
leads to the formation of  terrace structures with uniform steps of about 1.3-1.5 nm in height
(Figure 3.4.2 b-e). The statistical treatment of image (c) was performed. The hystogram (d)
shows heights distribution versus number of events. As seen from the hystogram the appeance of
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the structures with height 1.5, 3 and 4.5 nm are more probable that confirm the formation the
terrace structures with the step of 1.5 nm (Figure 3.4.2e). Deposition of QT-amide by the drop-
casting leads to similar featureless films, which after the annealing at 180°C reorganize into
random oriented terrace structures (Figure 3.4.3 a-b).
Figure 3.4.1. AFM topography (a-c) and phase (d) images of  films “as deposited” by the spin-coating
from THF solution: of QT-aniline (a); QT-amide (b) and QT-aldehyde (c-d).
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Figure 3.4.2 AFM images of QT-amide (a, b, c) films: (a) “as deposited” by spin-coating from THF
solution at constant concentration of 5g/L ; the same film  large (b) and (c) small scales after the annealing
at 180 °C for 3 h. The arrow in the image (b) shows the most probable direction of the flow derived from
the alignment of terraces. Histogram of heights distribution of the image (d) and cross-section (e), reflect
the formation of terrace structures with uniform steps of about 1.5 nm (e).
To get further insight into the mechanism of QT-amide aggregation AFM investigation of
several films prepared from QT-amide solutions of different concentrations was performed. In
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general, two boundaries situation are possible when the amount of the deposited material is
insufficient to densely cover the whole surface.
1)  When interactions between  the molecules of the investigated compound are smaller then
their interactions with the surface, the material statistically distributes on the surface upon drying.
In this case, a decrease of the solution concentration leads to increase of a mean distance between
adjacent molecules; such a situation is reminiscent the behavior of the compound in the solvent of
good quality.
2)  When interactions between  the molecules are strong enough, the compound forms structures
on the surface; they can be either regular or irregular in shape depending on the type of
intermolecular interactions (directional or not).
Figure 3.4.3. Topography (a) and phase (b) AFM images of QT-amide films deposited by the drop casting
from THF solution and then annealed at 180 °C for 3 h.
 The deposition of QT-amide in the concentration range of 0.25-0.5 g/L results in the network of
long fibrillar structures of 1.3-1.5 nm of height and a few of tens of nanometers in  width (Figure
3.4.4e). Such an observation reveals strong and directional interactions between the molecules of
deposited material resulted into the formation of ordered structures. Probably, QT-amide
molecules are oriented perpendicularly to the surface and stack into dense packed arrays due to
combination of hydrogen bonding and π–stacking interactions as shown in the Figure 3.4.5.
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Figure 3.4.4. AFM images (a-b) of QT-Amide films deposited from the solutions at concentration 0.25
g/L: and 0.5 g/L (c-d). Cross section (e) is taken as shown by the white line in the image (d).
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Due to low lateral accuracy of AFM-measurements it impossible to deduce strictly the exact
number of monomolecular stacks comprising the fibrillar structures. It interesting that the height
of the fibrils is equal to the height of  the terraces (Figure 3.4.2e) supporting the similarity of the
molecular packing in the multilayered annealed film with the molecular structure of the “as
deposited” fibrils. The development of the molecular order, from one-dimensional to two-
dimensional packing,  can occur as shown in the Figure 3.4.5.
Figure 3.4.5. Schematic representation of the possible transformation of 1D aggregates formed upon the
spin-coating of the QT-amide solution into 2D layered structures upon the annealing.
X-ray diffraction (XRD) studies of QT-aniline (Figure 3.4.7) and QT-amide (Figure 3.4.8a)
powders reveal their crystalline nature. Unfortunately, the attempts to grow single crystals of
these materials failed; therefore, their exact molecular structure is still unknown. XRD
measurements of QT-amide film (130 nm thick) in transmission mode were also performed. The
thickness of the film was measured by elipsometry and by AFM (see a scratch-test and cross-
section in the Figures 3.4.6a, c). Interestingly, the morphology of this thick film comprised of
about 100 monomolecular layers resembles the morphology of few nanometer thick QT-amide
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film (for example, Figures 3.4.2 and 3.4.3). Thus, this fact further confirms the high level of the
molecular order in the QT-amide films.
No structural organization could be deduced from X-ray analysis of “as deposited” QT-aniline
and QT-amide films, as well as for the annealed QT-aniline film. In contrast, QT-amide films
undergo a dramatic transformation upon annealing (Figure 3.4.8a), as confirmed by XRD. The X-
ray diffractogram of QT-amide films annealed during 1 h at 120°C exhibit two reflections with
moderate intensity at 2θ = 4.63° (d spacing 19.05 Å), and 5.53° (15.97 Å).
Figure 3.4.6. AFM images of the 130 nm thick QT-amide film deposited by spin-coating from THF
solution followed by annealing at 180°C with a needle-made scratch-test line (a); high magnification
image reveals the smooth and ordered surface similar to the few-nanometer thick QT-amide film (b); cross
section is taken as shown by the white arrow (c).
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Longer annealing time, and/or higher annealing temperature (180°C) led to a disappearance of
the low-angle reflection and a drastic increase in the intensity of the reflection at 5.63° (15.69 Å).
This value is close to the thickness of terraces observed by AFM and might correspond to the
distances between closely packed oligomer molecules with interdigitated side chains, as shown in
Figure 3.4.8b.
Figure 3.4.7.  X-Ray diffraction data of QT-aniline powder.
A similar spacing of about 15 Å was previously found in the X-ray diffractogram of a
polyazomethine containing hexyl substituted oligothiophenes. The observation was also
attributed to the formation of a layered structure with interdigitated side chains.125 The spacing of
19.05 Å, obviously, presents an intermediate phase with less-dense packing of the molecules.
Absence of all other reflections (or their relative weakness as compared to the strong 15.69 Å
reflection) in the diffractogram of QT-amide films as compared to the XRD-spectra of the QT-
amide powder indicates a high degree of preferential orientation of the oligomer molecules.
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Figure 3.4.8. XRD of powder (bottom line) and 130- nm thick QT-amide film annealed at 120°C during 1
h (red line), the same film annealed at 180°C for 3 h (black line) (a); proposed orientation of QT-amide
molecules in the films (b).
UV-vis and fluorescence spectroscopy. Important information can be extracted from the UV-
vis and fluorescence data of oligomer films. Both QT-aniline and “as deposited” QT-amide films
display broad featureless spectra with λmax about 450-460 nm that reflects twisted conformation
and a rather disordered state (Figure 3.4.9).
Upon annealing of the QT-amide films a considerable red shift of the UV-vis absorption
maximum (from λmax = 454 nm to λmax = 474 nm Figure 3.4.9a) is observed, along with the
appearance of the fine structure and a drastic increase in the overall absorption intensity. This
observation confirms that significant structural reorganization takes place during annealing of the
QT-amide film. The same transformation of UV-vis spectra were also observed when the “as
deposited” films were exposed to methanol vapor for a few minutes. A similar approach, termed
“vapor annealing”, was recently applied for structural modification of other polymer films.17 In
contrast, no changes in the UV-vis spectra is observed upon annealing of the QT-aniline films.
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Figure 3.4.9. UV-vis absorption spectra of: (a) “as-deposited” by spin-coating QT-amide film (yellow
line), and the same film after the annealing at 180°C during 3 h (red line); similar spectra were also
obtained when “as-deposited” QT-amide film was exposed in methanol vapor; (b) QT-aniline solution in
chloroform (yellow line), and QT-aniline film deposited by spin-coating from chloroform (red line).
Fluorescence spectroscopy further confirms the development of the molecular order occurred
upon the annealing in QT-amide films. Figure 3.4.10 compares fluorescence spectra of β,β΄-
DH6T, QT-aniline and QT-amide films. Although β,β΄-DH6T and QT-aniline films display
moderate fluorescence at λmax = 581 and 591 nm, respectively, the emission of the QT-amide film
occurred at λmax = 602 nm is significantly quenched. The annealing at 180°C decrease the
fluorescence intensity and considerable a red shift (λmax = 602 nm → λmax = 610 nm, excitation
λmax = 460 nm; and  λmax = 583 nm → λmax = 645 nm, excitation λ = 500 nm) is observed, as seen
from Figure 3.4.11. The decrease of the emission intensity and shift of the emission to lower
energy reflect the formation of excimers (π-stacked aggregates of QT-amide molecules).
Although, no clear indication of the molecular order for “as deposited” QT-amide films are
observed by AFM, UV-vis and XRD measurements, the terraces observed after the annealing
show an remarkable alignment which originate from the spin-coating procedure (Figure 3.4.2b).
This fact strongly supports the argument that initial spin-coating leads to a pre-organization of
QT-amide molecules (undetectable by AFM, UV-vis and XRD). Upon annealing, the long-range
order is developed. Although the exact nature of this phenomenon is still unknown, hydrogen
bonding might plays an important role.
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Figure 3.4.10. Fluorescence spectra of β,β΄-DH6T (a), QT-aniline(b) and QT-amide: “as deposited” film
(c) and the film after the brief annealing at 180°C (d).
Figure 3.4.11. Fluorescence spectra of QT-amide film: “as deposited”(a) and after the brief annealing at
180°C (c) upon excitation at λmax = 460 nm; (b) and (d) “as deposited” and after annealing at 180°C,
respectively, upon excitation at λmax = 500 nm.
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It can be hypothesized that fast evaporation of the solvent during the spin-coating leads to the
formation of the viscous gel-like network, stable due to the hydrogen bonding and π-stacking
interactions, that is then preorganized by the shear field experienced during the spin-coating
process.107-108,126 Taking the great in fluence of the macroscopic orientation in organic
semiconductor films on their electrical properties, this finding could be of significant importance
for further progress of organic FET’s.
3.5. Ionochromism
It was previously shown that the presence of basic nitrogen atoms in the polyazomethine
structure increases the affinity towards protons and various Lewis acids. This was reflected in
remarkable ionochromic effects attributed to the ion-coordination-induced coplanarization of the
polymer backbones.108,127 Similar transformations of QT-amide films were monitored by UV-vis
spectroscopy. Particularly, it was found that exposure of the QT-amide film for a few seconds to
HCl vapor changes the color of the film from red to blue and shifts the absorption maximum from
454 to 565 nm (Figure 3.5.1).
Figure 3.5.1. Evolution of UV-vis absorption spectra of the same QT-amide film after sequential
exposures to HCl and then to NH3 vapors: “as deposited” by spin-coating (yellow line, λmax = 454 nm);
after a few-second exposure to HCl vapor (right lines, λmax = 565 nm); after a few-second exposure in NH3
vapors (left lines, 454 nm).
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Further exposure of the film to ammonia vapor reverse the effect to the initial state. The
ammonium chloride formed during the protonation and deprotonation steps either remains
trapped in the film or is removed by air scavenging. Similar transformations were also observed
in QT-aniline films (UV-vis data not shown).
3.6. Conformations of azomethine oligomers
A knowledge of the conformation of organic semicondutors is a prerequisite for control of
their optoelectronic properties. Therefore, it is worth to analyze conformations of synthesized
oligomers. Unfortunately, the attempts to grow single crystals of azomethine oligomers of
appropriate quality to directly reveal their structure by X-ray analysis were not successful.
Nevertheless, important information about the conformations of azomethine oligomers can be
extracted from the UV-vis data.
As seen from the Table 3.6.1, extending of the conjugated system (moving from DHQT to
QT-diamide) results in a progressive red shift of the λmax in the UV-vis spectra for both
oligothiophene solutions and solids. Furthermore, as it was already mentioned in the previous
paragraphs, the solid state UV-vis spectra of synthesized oligomers appear to be red-shifted
relatively to the spectra of the corresponding solutions. It is clear, that this fact is attributed to the
transition from random twisted conformations in dissolved state to more planar conformations.
However, in general, the extent of the observed planarization is not a-priori obvious. As shown in
the paragraph 2.6, β,β΄-DH6T adopt the almost planar conformation in the solid state. In other
words, the planarization of the six-rings aromatic backbone results in a red shift of 58 nm. QTDA
possesses a slightly less extended conjugated system and undergoes a 47 nm red shift upon
crystallization. On the other hand, incorporating of electron-withdrawing groups in the α,ω –
positions of oligothiophenes also derives a red shift of the electronic spectra. Thus, the
introduction of two aldehyde groups into DHQT leads to the red shift of 44 nm (difference
between λmax QTDA and DHQT in solution).
QT-aniline and QT-amide possess the longest conjugated system among the compounds, listed
in Table 3.6.1, which contain four thiophene, two benzene rings and two carbon-nitrogen double
bonds (the later should derive an additional red shift in the UV-vis spectra due to their electron-
withdrawing nature). In accordance with these points, the λmax of the electron absorption of QT-
aniline and QT-amide solutions (432 and 442 nm, respectively) are red shifted comparably to
those value for β,β΄-DH6T and QTDA (419 and 426 nm, respectively).
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Table 3.6.1. UV-vis spectral data of  the azomethine oligomers and related compounds.
Structure λmax (solution), nm λmax (solid state),
nm
382 -
426 473,
525 (shoulder)
419 477,
518 (shoulder)
432 460
442
As deposited: 454
Annealed:
474, 495, 535
(shoulders)
- 565
On the other hand, the transformation of the electron absorption spectra (observed upon the
solidification of both azomethine oligomers reflects only the partial planarization of the
backbone. Thus, the spectra of the “as deposited” by spin coating QT-aniline QT-amide films are
red shifted only of 28 and 12 nm, respectively, that might correspond to a (partial) planarization
of the quaterthiophene system. Upon the annealing, the QT-amide film undergoes a further red
shift to λmax = 474 nm with two shoulders at 495, 535 nm (see also Figure 3.4.9a). Since these
values are close to the values for QTDA and taking into account similarity of the substitution
patterns of QT-amide, QT-aniline and QTDA, obviously they have the same effective
conjugation length despite of different nominal conjugation length. Thus, although the
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planarization of the QT-amide backbone occurs to some extent upon the film annealing, the
resulting conformation is far from fully planar. Most likely, the quaterthiophene backbone
planarizes within the azomethine moieties upon the annealing whereas phenyl rings remain
twisted. This conclusion is consistent with the further dramatic red shift of QT-amide UV-vis
spectra upon the protonation to the λmax = 565 nm. Previously similar transformation in the UV-
vis spectra of azomethine polymers was attributed to the planarization of the aromatic backbone
rather then to the effect of the electron-withdrawing positively charged nitrogen atoms. Finally, a
single crystal X-ray analysis of the model compound - adduct of benzaldehyde and aniline –
reveals its twisted conformation in the solid state.108
Assuming that planar conformation is the most desirable one for the organic semiconductors
to achieve the best charge transport properties, it would be interesting to further improve the
design of azomethine oligomers via judicious altering of their substitution pattern.
3.7. Charge carrier mobility
The intrinsic charge transport properties of QT-aniline and QT-amide were determined by the
pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) technique. The sum of
charge carrier mobilities of QT-amide was determined to be Σµmin = 1×10-2 cm2 V-1 s-1 (Figure
3.7.1).
Figure 3.7.1. Dose normalized conductivity change is shown along with the corresponding minimum
sum of charge carrier mobilities based on a pair formation energy of 25eV and a survival probability of 1
taken at the end-of-pulse.
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The half-life of the carriers is of the order of 10 µs. This relatively long lifetime is ascribed to
the efficient formation of a low-dimensional structure where the alkyl groups form an insulating
barrier to recombination of charge carrier pairs. This behavior has been reported previously using
the same technique for studies of charge carrier mobilities and lifetimes of discotic liquid
crystals.128 This value is equal to the PR-TRMC mobility of α,ω-DH6T64 and other
semiconductors successfully used in FET.116 In contrast, QT-aniline exhibit a poor PR-TRMC
mobility below the detectable limit.
3.8. Conductivity
   The films (thickness of 60-200 nm) were tested at ambient condition, using two-points
technique. The conductivity values from 0.006-0.008 S/cm were obtained for freshly prepared
films of QT-amide. Exposure of the films to J2 vapor leads to increase of conductivities value  in
10 times (0.024 S/cm). Similar effect was observed when films were doped with FeCl3; the
conductivities reach values of  0.01-0.048 S/cm.
3.9. Conclusions
The synthesis and characterization of two thiophene-based azomethines designed to increase
the solubility, improve the self-assembly properties are described in this chapter. It was found
that incorporation of azomethine and amide moiety in the α,ω-position, and hexyl chains in β-
position of the quaterthiophene, considerably improves the self-assembly properties without
affecting the solubility. The self-assembly of azomethine oligomers with and without amide
moieties were monitored by UV-vis, XRD, and AFM. Although no conformational changes of
QT-aniline was observed upon addition of hexane to the solution in CHCl3, the addition of
hexane to QT-amide solution induced a red shift of λmax and the appearance of the fine structure
ascribed to vibronic transitions. The concentration dependence of the solvatochromism gives
strong support for the inter-molecular origin of this effect and clearly indicated that the
planarization of the oligomer backbone was induced by the aggregation. Although no clear signs
of the molecular order for various QT-aniline films were observed by AFM, UV-vis and XRD
measurements, the QT-amide annealed film displayed an important molecular and macroscopic
orientation. QT-aniline showed PR-TRMC below the detectable limit; the PR-TRMC mobility of
the QT-amide is comparable with the PR-TRMC mobilities of the best organic semiconductors.
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All these significant differences in properties of related compounds can be attributed to the
hydrogen bonding developed between the QT-amide molecules that induces self-assembly.
3.10. Experimental part
General: All chemicals were purchased from Aldrich and used as received.  1H and 13C NMR
spectra were recorded on Bruker DRX-500 spectrometer at frequencies of 500.13 MHz (1H) and
125.76 MHz (13C) with tetramethylsilane as an internal standard. UV-vis measurements were
carried out using Perkin Elmer UV/vis Spectrometer Lambda 19. MALDI-TOF was performed
on a Bruker Biflex IV mass-spectrometer. IR spectra were recorded with a Brucker IFS 48 FTIR
spectrometer. For AFM measurements we used Multimode AFM instrument (Digital Instruments,
Santa Barbara) operating in the tapping mode. Silicon tips with the radius of 10-20 nm, the spring
constant of 0.3 N/m and the resonance frequency of 250-300 KHz. XRD diagrams of powders
were recorded in transmission using X-ray diffractometer P4 (Siemens AG Karlsruhe) with Cu-
Kα radiation (monochromatization by primary graphite crystal); primary pin hole Ø = 0.5 mm;
detector distance 12 cm; measuring time ∆t = 360 s (accumulation). XRD diagrams of films were
recorded in reflection using XRD 3003 (Seifert-FPM Freiberg/Sa.) (monochromatization by
primary multilayer system).
Samples preparation. Highly polished Si wafers (obtained from Wacker-Chemitronics) were
first cleaned in a ultrasonic bath 3 times for 5 min with dichloromethane, placed in cleaning
solution (prepared from NH4OH and H2O2) for 1 h, and finally rinsed several times with Milipore
water (18 MQxcm). Oligomers were deposited onto Si wafer by spin-coating (2000 rot/min) from
2-5% solution in THF.
3,3'''-Dihexyl-2,2';5',2'';5'',2'''-tetrathienyl (DHQT) was obtained as previously described.113
5,5'''-Diformyl-3,3'''-dihexyl-2,2';5',2'';5'',2'''-quaterthiophene (QTDA). To prepare the
Vilsmeier reagent a solution of 3.29 g (0. 0215 mol) of POCl3 and 1.7 g (0.0233 mol) of DMF in
25 ml absolute CH2Cl2 were stirred for 2 h at room temperature. This solution was added to 4.98
g (0.01 mol) of DHQT dissolved in 20 mL CHCl3. The resulting mixture was stirred at room
temperature overnight, neutralized with cold 1N Na2CO3 solution and then extracted with CHCl3.
The organic layer was dried over MgSO4 and evaporated. The residue was purified by
crystallization from CHCl3-hexane mixture and 4.1 g (74 %) of QTDA was obtained. 1H NMR
(CDCl3, ppm, TMS): δ 9.80 (s., CH=O); δ 7.56 (s., 1H); δ 7.18-7.15 (m., 2H); δ 2.78, (t., J = 7.8,
2H); δ 1.70-1.63 (m., 2H); δ 1.41-1.37 (m., 2H); δ 1.33-1.23 (m., 4H); δ 0.88 (t., J = 6.9, 3H). 13C
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NMR (CDCl3, ppm, TMS):  δ 182.378; 140.527; 140.445; 140.335; 138.909; 138.117; 134,402;
128.181; 124.648; 31.519; 30.092; 29.384; 29.066; 22.509; 14.012. UV-vis (CHCl3): λmax = 424
nm; mp = 125.8°C.
5,5'''-Diphenyliminomethyl-3,3'''-Dihexyl-2,2';5',2'';5'',2'''-tetrathienyl (QT-aniline): Solutions
of 1.1 g (0.002 mol) of QTDA in 10 ml of CHCl3 and 0.74 g (0.008 mol) of aniline in 10 ml of
absolute ethanol were gently refluxed overnight. The reaction mixture was concentrated until the
crystal precipitated. The powder was filtered, washed and then recrystallized in ethanol-CHCl3
mixture. Yield: 1.24 g, 91%. 1H NMR (CDCl3, ppm, TMS): δ 8.47 (s., CH-d=N); δ 7.38 (m., 2H-
c); δ 7.30 (s., 1H-e); δ 7.21-7.22-7.17 (m., 5H-a,b,f,g); δ 2.81, (t., J = 7.5, 2H); δ 1.69 (m., 2H); δ
1.55-1.33 (m., 6H); δ 0.88 (t., J = 5.6, 3H). 13C NMR (CDCl3, ppm, TMS): δ 152.48; 151.34;
140.05; 139.94; 137.44; 135.47; 135.13; 129.14; 127.32; 126.05; 124.36; 121.04; 119.77; 31.64;
30.29; 29.50; 29.18; 22.69; 14.10. m/e 704 (M+•). FTIR (KBr): 2921 (C-H-bend), 1578 (C=N-
stretch), 1435 (C-C ring stretch). UV-vis (CHCl3): λmax = 432 nm; mp = 111.8°C.
Heptanoic acid (4-aminophenyl)amide (PDA-Ac): 10.8 g (0.1mol) of p-phenylenediamine and
9g of pyridine were dissolved in 500 ml of dry THF and cooled to -40°C. A solution of 14.85 g
(0.1mol) of heptanoyl chloride in 100 ml of THF was added dropwise under vigorous stirring.
After the addition of heptanoyl chloride, the reaction mixture was allowed to warm up to room
temperature and stirred overnight. The mixture was concentrated in vacuum to 100 ml, 100 ml of
hexane was added and resulting powder of pyridine chlorohydrate and bis-acylated p-
phenylenediamine was filtered. The resulting solution was washed with water and dried over
MgSO4. The crude PDA-Ac was obtained after the evaporation of the solvent and purified by a
flash chromatography followed by the crystallization from CHCl3-hexane mixture (1/1 v/v).
Yield: 7.7 g, 35%. 1H NMR (CDCl3, ppm, TMS): δ 7.26 (d., J = 8.6, 2H);  δ 6.23 (d., J = 8.6,
2H); δ 2.29, (t., J = 7.5 2H); δ 1.68 (d.d., J1 = 7.2, J2 = 7. 5, 2H); δ 1.37-1.28 (m., 6H); δ 0.88 (t.,
J = 6.8, 3H). FTIR (KBr): 3280 (N-H-stretch), 2926 (C-H-bend), 1648 (C=O-stretch), 1533 (C-
N-stretch, amid II).
Heptanoic acid [4-({5'''-[(4-heptanoylamino-phenylimino)-methyl]-3,3'''-dihexyl-
[2,2';5',2'';5'',2''']quaterthiophen-5-ylmethylene}-amino)-phenyl]-amide (QT-amide): Solutions
of 1.1 g (0.002 mol) of QTDA in 10 ml of CHCl3 and 0.74 g (0.008 mol) of PDA-Ac in 10 ml of
absolute ethanol were gently refluxed overnight until orange crystals precipitated out. The
powder was filtered, washed and then crystallized from ethanol-THF mixture (1/2 v/v). Yield:
1.16 g, 85%. 1H NMR (DMSO-d6, ppm, TMS): δ 9.48 (s., NH-a); 8.46 (s., CH-d=N); δ 7.57 (d.,
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2H-b, J = 8.5); δ 7.27 (s., 1H-e); δ 7.16-7.10 (m., 4H-c,f,g); δ 2.73, (t., J = 7, 2H); δ 2.28, (t., J =
7, 2H); δ 1.6 (m., 4H); δ 1.35-1.25 (m., 10H); δ 0.88 (m., 6H). 13C NMR (DMSO-d6, ppm,
TMS): 171.10; 150.55; 145.15; 140.03; 139.62; 137.64; 136.34; 135.07; 134.40; 133.72; 127.06;
124.41; 121.09; 119.58; 36.46; 31.00; 30.96; 29.56; 28.81; 28.45; 28.33; 25.01; 21.95; 21.90;
13.71; 13.69. m/e 958 (M+•). FTIR (KBr): 3300-3100 (N-H-stretch), 2922 (C-H-bend), 1700
(C=O-stretch), 1607 (C=N-stretch), 1530 (C-N-stretch, amid II), 1448 (C-C ring stretch). UV-vis
(CHCl3): λmax = 442 nm; mp = 202.4°C.
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Chapter 4
Conformational Transitions and Aggregations of Regioregular
Polyalkylthiophenes
Abstract
Diverse conformational transitions and aggregations of regioregular poly (3-alkylthiophene)s
(PATs) in different environment have been studied by means of AFM and UV-vis-spectroscopy. In
methanol, which is a non-solvent for both alkyl side groups and aromatic backbone at low
polymer concentration, PATs chains fold into compact poorly ordered flat structures. At higher
polymer concentration PATs molecules undergo 3D aggregation into near spherical particles. In
hexane, which is a good solvent for alkyl side chains but poor for polythiophene backbone, PATs
molecules undergo ordered main-chain collapse driven by solvophobic interaction. Well-
pronounced concentration-independent red shift of λmax and good resolved fine vibronic
structure in the electronic absorption spectra observed upon addition of hexane indicate that
planarization occurs on the single-molecule level. A helical conformation of the main chain of
PATs with 12 thiophenes rings per each helical turn has been proposed. At the higher
concentration of PATs the collapsed molecules undergo unexpected one-dimensional
aggregation. Length of the particles varies from several nanometers to several hundreds
nanometers and can be easily adjusted by the solvent composition or concentration of PATs.
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4.1. Introduction
Development of facile and efficient approaches to nanoparticles of desired morphology and
properties is an important task for future nanoelectronics. Semiconductor particles of nanometer
scale (SNP) can be applied as an active part of various nanodevices such as light emitting diodes,
field-effect transistors, and solar cells.129,130,131 Although numerous routes to inorganic SNP have
been recently discovered132,133,134,135,136,137,138,139,140,141 there are only few approaches to organic
SNP of well-defined structure and morphology.142,143,144,145,146,147 Some of them are based on an
assembly of quite complicated amphiphilic block copolymers of conjugated aromatics142-145 or
involve relatively complicated experimental procedures such as vacuum deposition65 or
Langmuir-Blodgett technique.146-147 In this chapter a simple method to produce one-dimensional
(1D) organic nanoparticles from readily available conductive polymers: regioregular head-to-tail
(RRHT) poly(3-alkylthiophene)s (PATs) is shown.
Poly(3-alkylthiophene)s belong to one of the most studied families of conducting polymers4
having potential applications such as light-emitting diodes,6 thin film transistors62 and chemical
sensors.148 It is well-known that optical properties,149 conductivity,150 and field-effect mobility62
strongly depend on single-chain conformation and solid-state packing mode. For example, highly
ordered PATs films with properly oriented molecules exhibit an excellent conductivity and FEM,
whereas disordered PATs films display FEM below detectable level.84  On the other hand, RRHT
PATs show reversible color changes response to the temperature146,116-118 or to altering of the
solvent quality.151 Observed red shift in electronic absorption spectra is due to a reversible
transition between a nonplanar (less conjugated) and more planar (more conjugated)
conformation of the main chain.152 For PATs bearing chiral side groups such reconformations
usually are accompanied with appearance of an intense induced circular dichroism in the UV-
visible region derived from the main chain or supramolecular chirality.153,154 Despite of extensive
experimental and theoretical studies,155,156 conformations of PATs and other substituted
polythiophenes in particular environment as well as exact structures of their supramolecular
assemblies remain unrevealed and still a subject of extensive discussions.157,158 ,159 ,160
It is generally accepted in literature to connect the dramatic color change of PATs with the
transition from twisted conformation of polymer chains in good solvent into the planar rigid-rod
one with all-anti configuration of aromatic rings (Figure 4.1.1a) no matter either such a
transformation occurs during evaporation of good solvents or upon addition of non-solvents.151
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Recently, it was shown by scanning tunneling microscopy that polythiophenes backbone capable
to adopt some folded but still planar conformations.161
Figure 4.1.1. Possible planar conformations of regioregular head-to-tail poly(3-alkyllthiophene): all-anti
(rigid-rod) (a); hair-pin (b); spool-like (c); cyclo[12]thiophene (d); all-syn helix (e).
For example, an intramolecular hair-pin fold of PATs is composed of seven thiophenes rings in
all-syn conformation162 (Figure 4.1.1b), whereas larger curvatures include additional anti-
conformations in the fold (spool-like conformation, Figure 4.1.1c). On the other hand, molecular
mechanics optimizations114 of a simple PAT model with 24 thiophene rings show the existence of
a helical form with twelve syn-connected thiophene units per turn. All sulfur atoms of the helix
are directed inside the cavity, whereas hydrocarbon groups oriented outside the helix (Figure
4.1.1e). Each turn of the helix structurally is similar to cyclo[12]thiophene (Figure 4.1.1d). For all
structures listed in Figure 4.1.1, one can expect considerably red shifted UV-vis spectra
(comparably with the spectra taken in good solvents), because they have either completely planar
conformation or slightly deviated from planarity.
In this chapter shown that planar conformations of PATs with high content of syn-
configuration of thiophene rings (Figures 4.1.1b, c, e) play an important role in the chromic
behavior of PATs.
4.2. Aggregation in a good solvent (chloroform)
In this study RRHT polymers was used: relatively long poly(3-octylthiophene) (POT) (GPC-
data: Mw = 142 kg/mol; PDI = 2.6) and shorter poly(3-hexylthiophene) (PHT)  (GPC-data: Mw =
24 kg/mol; PDI = 1.6). On the base of MALDI-TOF data contour length of polymers used in this
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study equal approximately to LW = 124nm and LN = 48nm for POT and LW = 28 nm and LN = 18
nm for PHT. In this study were used RRHT polymers: relatively long POT (GPC-data: Mw = 142
kg/mol; PDI = 2.6), and shorter PHT (GPC-data: Mw = 24.5 kg/mol; PDI = 1.4).
Figure 4.2.1. AFM topography (a) and phase (b), images of PHT deposited from CHCl3 solutions
(concentration 0.1 g/L). Schematic representation of PATs aggregation (c): the face-to-face packing of
chains in all-anti conformation.
Spin coating of a relatively concentrated PHT solution (0.1 g/L) in chloroform results in a
smooth film (root mean square (RMS) = 0.6 nm, Figure 4.2.1a, b) with a lamellae morphology
that evidently from AFM phase image. Slow evaporation of the solvent from PHT solution at
lower polymer concentration (0.02 g/L) leads to a lamellar network about 2 nm in the height (H)
(Figures 4.2.2a, b). Elongated domains (H = 2-4 nm and L = 30-50 nm) are formed at slow
evaporation of the solvent from extremely diluted solution of PHT (0.001 g/L) (Figures 4.2.3a).
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Figure 4.2.2. AFM topography (a) and phase (b), images of PHT deposited from CHCl3 solutions at
concentration of 0.2 g/L. Cross-section (c) of the lamellae network in the image (a).
Figure 4.2.3. AFM topography images of PHT (a) and POT (b) deposited from CHCl3 solutions at
concentration of 0.001 g/L; cross-sections (c) and (d) which correspond to images (a) and (b) respectively.
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Even longer structures (length up to 120 nm) are formed at the same conditions from solution of
the higher molecular weight POT (Figure 4.2.3b).
Figure 4.2.4. UV-vis spectra of PHT solution in chloroform (orange line) and PHT film deposited by spin
coating from chloroform solution .
Such an observation consistent with the face-to-face aggregation of PATs molecules, adopted the
rod-like (all-anti-) conformation and oriented perpendicularly to the surface (Figure 4.2.1c) and is
in agreement with previously reported data.62,163 Red shifted absorption maximum in UV-vis
spectra of the PHT film spin-coated onto the quartz slide (λ max = 530 nm and weak shoulder at
600 nm) reflects distinct planarization of the backbone and moderate order of the molecular
packing (Figure 4.2.4).
4.3. Solvatochromism in polar solvent (methanol)
It is well-documented that addition of methanol to a solution of PATs in chloroform leads to
the formation of colloidal solution.151 Such a transformation accompanies with a concentration
independent bathochromic shift of the π-π* adsorption band from λ max = 450 nm (in
chloroform) to λ max = 520 nm with two weak shoulders at 560 and 610 nm (in chloroform-
methanol (CM) mixture - 1/1 v/v) (Figure 4.3.1).
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Figure 4.3.1. UV- spectra of PHT taken in chloroform at concentration of 0.05 g/L (orange line); taken in
chloroform – methanol mixture (1/1 v/v) at different concentration: 0.05 g/L; 0.005 g/L (intensity of
adsorption has been increased 9 times); 0.0005 g/L (intensity of adsorption have been increased 80 times).
    Figure 4.3.2 shows representative AFM image (a) and cross-sections (b) of adsorbed particles
of about H = 20 nm and 100-200 nm in diameter formed in CM solution (1/1 v/v) of POT at
relatively high polymer concentration (0.015 g/L).
Figure 4.3.2. AFM topography images (a) and cross-sections (b) of POT deposited from chloroform-
methanol solution (1/1 v/v) at polymer concentration of 0.015 g/L.
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Figure 4.3.3. AFM topography images (a), large scale (b) and (c) of  POT deposited from chloroform-
methanol solution (1/1 v/v) with concentration 0.0005 g/L and cross section (d), which was taken along
the line in image (c).
The diameter of the particles is larger than the calculated contour length of POT molecules,
therefore, any conformation shown in the Figure 4.1.1 from extended to collapsed, in principle
can fit the aggregates in Figure 4.3.2a. Deposition from extremely diluted PHTs solution (0.0005
g/L, CM mixture - 1/1v/v) immediately after addition of methanol leads to small uniform disk-
shaped particles with H = 0.4 - 0.8 nm and D = 15 - 20 nm that correspond to D = 5 - 10 nm after
deconvolution (AFM image not shown). Slightly larger particles with the similar morphology
were adsorbed from POT solution of the same concentration and solvents composition (apparent
values: H = 0.5 - 0.9 nm, D = 25 – 40 nm; diameter after deconvolution D = 10 – 25 nm, Figures
4.3.3 a-d). In both cases length of the particles is considerably less than the calculated contour
length of corresponding PAT molecules that displays their collapse. The volume of these
particles are close to the volume of corresponding PAT molecules that clearly reflects lack of the
aggregation in this concentration regime. At a concentration higher than 0.005 g/L PATs
molecules start to aggregate. Figures 4.3.4a, b  display the coexistence of small particles (similar
to the one in Figure 4.3.3 a-c) and larger aggregates (apparent values: H = 8 – 10 nm; D = 45-65
nm; after deconvolution D = 20 – 40 nm) adsorbed from POT solution (0.01 g/L). On the other
hand, concentration independency of the UV-vis absorption spectra (Figure 4.3.1) indicates that
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efficient planarization of the backbone and increase of the conjugation length occurred upon
addition of methanol to solution of PATs in chloroform are single-molecule events.
Figure 4.3.4. AFM topography images (a), (b) and cross-sections (c) of POT deposited from chloroform-
methanol solution (1/1 v/v) at concentration of 0.01 g/L.
From obtained experimental data it could be concluded that, at least, at low polymer
concentration, upon addition of the solvent, which is poor for alkyl side groups, PATs molecules
firstly undergo collapse transition into the compact and planar state and then aggregate. This
observation disagrees with the most accepted model for the aggregation of PHT and other
substituted polythiophenes occurring in poor solvents. Accordingly with this model, PATs
aggregates consist of face-to-face stacked molecules having a planar rod-like conformation
similarly to the organization of PATs films (Figure 4.3.5a).151 In this case, at least, one dimension
of such a particle should be equal (or more) to the contour length of PAT molecules (LW = 124
nm and LN = 48 nm for POT) that contradict AFM data. As seen from AFM images not only
single-molecule particles in Figure 4.3.3 a-c but also primary aggregates in Figure 4.3.4 a-c have
dimensions less than the contour length of POT molecules. Therefore, it is proposed that in
chloroform-methanol mixture PATs molecules undergo a solvophobically driven collapse into
the structures with high content of cis-configuration of thiophene units (hair-pin or spool-like
conformation, Figures 4.1.1b, c). Such conformations reduce a solvent-accessible surface area
and decrease the unfavorable interaction between alkyl groups and polar environment. Further
aggregation of flat spool-like structures leads to poorly ordered particles (Figure 4.3.5b).
300 nm
POT,
0.0005g/l
a
300 nm
POT
 0.01g/L
a
100 nm
b
0 100 200 3000
3
6
9
H
ei
gh
t (
nm
)
Length (nm)
c
106
Figure 4.3.5. Schematic representation of PATs transformations in methanol: the most accepted model of
PATs aggregation trough the staking of molecules in the rigid-rod conformation (a); collapse into hair-pin
and spool-like conformations followed by the aggregation (b).
It was previously reported62, that  the diffractogram of RR PHT cast films deposited from
chloroform has sharp reflections at 2θ = 5.3°; 10.7° and 16.2° which can be assigned to the (100),
(200), and (300) planes of a lamellar phase with a spacing 16.7 Å. In that case alkyl chains act as
spacers between stacks of closely packed planar main chains. The peak at 23.1° (3.8 Å)
corresponds to thiophene face-to-face stacking distance. In contrast, a powder X-ray diffraction
pattern of RR PHT precipitated from methanol-chloroform mixture8, has considerably less
intense peak at 2θ = 5.3°, weak peaks at 10.7°, and 16.2°, and broad galo at 15-25° that reflects
similar but significantly less ordered molecular packing. Such an observation fits the proposed
model of the PHT collapse followed by the aggregation occurred in methanol-chloroform
mixture. The spool-like structure shown in Figure 4.1.1c represents the PHT molecule with the
degree of polymerization (DP) equal to 52. More than half of monomer units of this structure (32
units) have anti-configuration and form slightly  distorted lamellae with the spacing of 16.7 Å.
Remaining 20 monomer units in the structure (Figure 4.1.1c) adopt syn-conformation  and can be
responsible for the broad galo centered at 20°. Even higher fraction of anti-configuration and
more intense reflection at 5.3° one can expect for PHT molecules of higher DP.
4.4. Solvatochromism and one dimensional aggregation in unpolar solvent (hexane)
Although solvatochromism of PATs induced by polar solvents have been widely studied 142-144
their behavior in unpolar solvents is considerably less investigated.164,165
UV-vis Spectroscopy data. High molecular weight PATs are insoluble in hydrocarbons,
however,  it was found that, a stable colloidal dispersion could be obtained upon addition of
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hexane to the solution PATs in chloroform. This is accompanied with a considerable red shift of
UV-vis absorption maximum from λmax = 448 nm in pure chloroform to λmax = 559 nm (for
POT, data not shown) and λmax = 553 nm (for PHT) in chloroform-hexane mixture (1/5 vv)
(Figure 4.4.1). Clear isobestic point at 480 nm (for PHT) reflects discontinuous character of the
transition and coexistence of two distinct conformational structures for these polymers.
Figure 4.4.1. UV-vis spectra of PHT (0.05 g/L) at different chloroform-hexane ratios.
Figure 4.4.2. UV-vis spectra of POT taken in chloroform-hexane mixture (1/7 v/v) at different  polymer
concentration (from 0.0005 to 0.1 g/L) (a); evolution of the normalized absorption intensity at different
wavelengths (b).
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As an example, Figures 4.4.2a, b show UV-vis spectra of POT (in chloroform-hexane mixture
1/7 vv) taken in solutions of range of concentrations from 0.1 g/L to 0.0005 g/L. The
concentration-independent fine vibronic structure in the π-π* absorption band (resolved
transitions at 522; 559; and 605 nm for POT and 520; 553; and 602 nm for PHT) may indicate
that the rigidification of the conjugation system occurs on the single-molecule level.142-146,166
AFM and TEM data. Figures 4.4.3 - 4.3.8 show the AFM images of particles deposited by
spin-coating onto the mica and hydrophobized silica wafers from the solution at different PATs
concentrations and chloroform-hexane ratios. The statistical analysis of geometrical parameters
extracted from the AFM images and profiles including number and weight average lengths of 1D
structures, as well as diameters and heights for spherical particles was performed (Figures 4.4.9 -
4.4.10). Narrow distributed round-shaped particles with D = 3-5 nm and H = 1-2.5 nm (all data
given after deconvolution) have been adsorbed from the PHT solution stirred during 15 minutes
before deposition (polymer concentration - 0.001 g/L; chloroform-hexane ratio - 1/5 v/v).
Deposition of POT at the same conditions results in particles with H = 2-10 nm and D = 3-5 nm
(Figure 4.4.3a, b).167,168
Figure 4.4.3. AFM topography images (a), (b) and cross-sections (c) of POT deposited on mica from
chloroform-hexane solution (1/5 v/v) at polymer concentration of 0.001 g/L.
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 From more concentrated solution of PATs (stirred during 15 minutes after addition of hexane)
the rod-like structures with the length up to 700 nm and diameter 3.5 - 5 nm have been obtained
(Figures 4.4.5a-c and 4.4.7a-g). The deposition at even higher PHT concentration (0.4 g/L)
results in the network of random oriented fibrillar structures (Figure 4.4.8a, b). In contrast,
adsorption from PHT solution (0.01 g/L) immediately after addition of hexane results in
coexistence of small particles (H = 1.0-2.0 nm; D = 3-5 nm) and 1D aggregates (L > 200 nm,
Figure 4.4.6a, b).
Figure 4.4.4. AFM topography image (a) which represent aggregation of POT deposited on mica from
chloroform-hexane solution (1/20 v/v) at polymer concentration of 0.01g/L and cross-sections (b).
Figure 4.4.5. AFM topography images (a), (b) and cross-sections (c) of POT deposited on mica from
chloroform-hexane solution (1/5 v/v) at polymer concentration of 0.01 g/L.
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Figure 4.4.6. AFM topography images (a,b) of PHT deposited on hydrophobized Si wafer from
chloroform-hexane solution (1/5 v/v) immediately after addition of hexane at concentration of 0.01 g/L.
Figure 4.4.7. AFM topography images (a,d-g) and cross-sections (b), (c) of PHT deposited on
hydrophobized Si wafers from chloroform-hexane solution (1/5 v/v) 15 minutes after addition of hexane at
concentration of 0.01 g/L.
Such a picture is an obvious evidence for a non-equilibrium state of aggregation process. It was
also found that 1D-particles undergo further aggregation and finally precipitate from solution
after several days (Figure 4.4.4a). It is important to note, that the shape of resulting PATs
particles strongly depends on deposition methods. It was found that only approaches provided a
fast evaporation of the solvent (by fast drying of the sample with a high-pressure argon flux or by
spin-coating, 2000 rpm) lead to 1D-structures (Figure 4.4.8a, b).
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Figure 4.4.8. AFM topography (a) and phase (b) images of PHT deposited on hydrophobized Si wafers
from chloroform-hexane solution (1/5 v/v) 15 minutes after addition of hexane at concentration of 0.4 g/L.
Figure 4.4.9. Histograms of height distribution (a) of spherical particles adsorbed from POT  solutions in
chloroform-hexane mixture - 1/5 v/v) at concentration of 0.001 g/L (see Figure 4.4.3). Length distribution
of POT 1D aggregates (b) formed in chloroform-hexane mixture - 1/5(v/v) at concentrations of 0.01 g/L
(see Figure 4.4.5).
Figure 4.4.10. Histograms of height distribution (a) of spherical particles adsorbed from PHT  solutions in
chloroform-hexane mixture - 1/5(v/v) at concentration of 0.001 g/L. Length distribution of PHT 1D
aggregates (b) formed in chloroform-hexane mixture - 1/5 v/v) at concentrations of 0.01 g/L see Figure
4.4.7 a).
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The most perfect nanorods have been obtained by spin-coating onto the hydrophobic surface.
Obviously, in such a case hydrophobic particles presented in solution appear to be “trapped” by
the hydrophobic surface due to the favored interaction. In contrast, deposition by drop-casting
and slow drying results only in round-shaped aggregates (with the diameter from tens of
nanometers to micrometers, depending on polymer concentration), most likely, due to secondary
aggregations inside droplets occurred upon a slow evaporation of the solvent (AFM images not
shown).
Figure 4.4.11. Representative high resolution TEM images of PHT adsorbed onto the carbon films: from
chloroform-hexane mixture (1/5 v/v) at concentration of 0.001 g/L (a); from chloroform solution
(0.001g/L) (b).
Because of resolution limit it is difficult to measure precisely the width of 1D particles with
AFM. Therefore, this information we expected to get from high-resolution TEM-investigations.
Unfortunately, it was impossible to prepare a sample for TEM-measurement by the same
procedure as for AFM-study because the fragile carbon film is easily destroyed during spin-
coating or drying with high-pressure argon flux. Figure 4.4.11 shows high-resolution TEM
images of round-shaped PHT aggregates obtained by drop-casting from the solution with
concentration 0.001 g/L (chloroform-hexane ratio 1/5 v/v). The worm-like structures of 3-4 nm in
width are clearly identified in the images (marked by red arrows Figure 4.4.11a). The width of
the worm-like structures roughly corresponds to the width of the rod-like aggregates revealed by
AFM. In contrast, we did not found such structures in samples prepared upon deposition of PHT
solution in chloroform (Figure 4.4.11b).
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Discussion. In chloroform-hexane mixture, PATs undergo conformational transition from
random twisted into a more planar and ordered state followed by the 1D-aggregation. Two
following possible mechanisms for such transformations can be proposed.
A. Accordingly to the most accepted model PATs molecules retain an extended (all-anti)
conformation even in poor solvents and adopt a more planar state.151 At higher polymer
concentration or at poorer solvent quality PATs aggregate on face-to-face fashion169,170,171 into
rod-like micelles172 in order to decrease the unfavorable interaction between the solvent and
aromatic main chain (Figure 4.4.12). This model of aggregation does not explain the formation
of small near spherical particles at low polymer concentration with dimensions considerably
less then the contour length of corre-sponding PATs molecules.
Figure 4.4.12. The most accepted model of PATs aggregation trough the staking of molecules in rigid-rod
conformation.
B. In chloroform-hexane mixture, PATs molecules adopt a helical conformation154 with syn-
configuration of thiophene units in which all sulfur atoms are directed inside the cavity whereas
hydrocarbon groups oriented outside the helix (Figure 4.4.13a). Each turn of the helix consist of
12 thiophene units. Following arguments support this hypothesis.
General consideration. PATs have a structure similar to amphiphilic graft-copolymers.26 It is
well-documented that in a solvent, which is good for side groups and poor for backbone, flexible
graft-copolymers undergo collapse into unimolecular micelle-like structures in which collapsed
backbone is stabilized by extended side groups.173 In contrast, such a collapse for rather stiff
oligo (phenylene ethynylene)s bearing flexible oxyethylene side groups leads to an ordered,
helical conformation,174 and similar transitions can be suggested for PATs.
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Figure 4.4.13. The helical conformation of PAT molecules (a) and their 1D aggregation into helical
nanotubes (d). A space-filling model of the PAT (R=Me) in the helical conformation: side-view (b); top-
view (c).
In chloroform PATs molecules are molecularly dissolved and adopt random coil conformation.
In hexane which is a poor solvent for aromatic backbone and a good for side alkyl chain PATs
molecules fold back on themselves into the helical conformation. This state maximizes favorable
interactions between the unpolar solvent and alkyl side chain as well as stacking interactions in
aromatic moiety, and minimizes the unfavorable contacts between the poorly soluble backbone
and the hydrocarbon solvent. Possibility of some folded conformations of PATs have been
theoretically predicted155 and recently demonstrated with scanning tunneling microscopy.175
Geometrical consideration. Molecular mechanics optimizations176 of a simple PATs model
with 24 thiophene rings and R=Me show the existence of helical form with 12 thiophene units per
turn (Figure 4.4.13b-c). It is interesting that dimensions of the particles adsorbed at low PATs
concentration (Figures 4.4.3 a-b and 4.4.6b) are close to the calculated values for both POT and
PHT helical cylinders oriented perpendicular to the surface. Assuming that interval between two
adjacent stacks is equal to 0.38 nm one can calculate the length of the single-molecule helix with
12 thiophenes units per each helical turn. POT used in this study with the contour length between
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Lw = 124 nm and LN = 48 nm can fold into helixes with the length lw = 9.9 nm (26 turns)  and lN =
3.8nm (10 turns). PHT with Lw = 28 nm and LN = 18 nm can form helixes with the length lw = 2.3
nm (6 turns) and lN = 1.4 nm (3.75 turns). The diameter of the helixes with fully extended alkyl
groups equal to 3.7 nm for POT and 3.2 nm for PHT. These values should be somewhat less for
PATs in none-solvated state. At higher concentration in chloroform-hexane mixture PATs
aggregate into 1D-structures, which, most likely, consist of a sequence of single-molecule helixes
connected each other by the strong 12-positioning π-stacking interaction (Figure
4.4.13d).177,178,179 The length of resulting aggregates strongly depends on concentration while the
width and the height are independent on concentration. Such a selectivity of 1D-aggregation and
lack of aggregation along other axis is also consistent with the proposed model. In sharp contrast,
in chloroform-methanol mixture the growth of PATs particles occurs in all directions and leads to
near spherical aggregates.151
Spectroscopic data. Red shift of λmax in UV-vis spectra of PATs occurred upon addition of
hexane reflects the increase of the conjugation length due to planarization of the backbone.
Computations show that thiophene rings are only slightly deviated from planarity in the helical
conformation (the SCCS angles vary from 1° to 6° depending on the position). Appearance of the
concentration-independent fine vibronic structure in electronic absorption spectra indicates that
the planarization occurs at the single-molecule level (Figure 4.4.2). On the other hand, well-
resolved UV-vis spectra of PATs in chloroform-hexane mixture displays a formation of highly
ordered structures, more ordered then those formed in methanol.34 Although the obtained data
consistent with proposed helical conformation of PATs in hexane, more investigations are
necessary to verify this suggestion.
4.5. Conclusions
Several conformational transitions and aggregations of RRHT PATs in different environments
have been studied by means of AFM and UV-vis-spectroscopy. Aggregation from chloroform
solution which is a good solvent for PATs, occurred upon slow evaporation of the solvent,  and
led to a lamellar network or to an elongated domain structures depending on the polymer
concentration. Red shifted and poorly resolved electron absorption spectra of PHT thin films
reflect distinct planarization of the backbone and moderate order of molecular packing. Such
observations are consistent with the face-to-face packing mode of PATs molecules adopted the
rod-like (all-anti-) conformation. In presence of methanol, which is a non-solvent for both the
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alkyl side groups and the aromatic backbone at low polymer concentration, PATs chains fold into
compact poorly ordered flat structures without aggregation. Concentration-independent UV-vis
spectra confirm single molecule origin of solvatochromism of PATs. At higher polymer
concentrations PATs molecules undergo 3D aggregation into near spherical particles. In hexane
which is a good solvent for alkyl side chains and a poor for the polythiophene backbone PATs
molecules undergo ordered main-chain collapse and one-dimensional aggregation driven by
solvophobic interactions. A helical conformation of the main chain with 12 thiophenes rings per
each helical turn is proposed. Length of the particles varies from several nanometers to several
hundreds nanometers and can be adjusted by the solvents composition or concentration of PATs.
Such well-defined organic semiconductor 1D particles can be used as building blocks for future
nanoscale and molecular level electronic devices.
4.6. Experimental part
Materials. RR HT POT made by Rieke method180 have been purchased from Aldrich. RR HT
PHT have been produced via McCullough method as previously described.181
Samples preparation. AFM-samples. Highly polished silicon (Si) wafers (obtained from
Wacker-Chemitronics) were first cleaned in an ultrasonic bath three times for 5 min with
dichloromethane, and placed into cleaning solution (prepared from NH4OH and H2O2) for 1 hour
at 60oC. (Note: the NH4OH:H2O2 solution reacts violently with organic compounds. Caution
should be used when handling this solution). After drying, wafers have been placed into 5%
solution of trimethylchlorsilane (Aldrich) in chloroform for 15 minutes and afterwards rinsed in
chloroform and dried.
To induce reconformation and aggregation, respective amount of hexane was added to the
PATs solution in chloroform. After stirring during relevant time the drop of the freshly prepared
PATs solution (final concentration - 0.05-0.0005 g/L) was placed either on the surface of freshly
cleaved mica or hydrophobized Si-wafers for a few second and the rest of the drop removed
either with argon flux or with centrifugal force; dried and studied with AFM.
TEM-samples. The drop of the respective solution of PATs was placed onto the TEM grid and
the solvent was allowed to evaporate.
AFM measurements. Multimode AFM instrument (Digital Instruments, Santa Barbara)
operating in the tapping mode was used. Silicon tips with radius of 10-20 nm, spring constant of
30 N/m and resonance frequency of 250-300 KHz were used after calibration with gold
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nanoparticles (diameter 5 nm) to evaluate the tip radius. The dimensions of structures obtained
from AFM images were corrected (decreased) by the tip radius.
UV-vis measurements were carried out using Perkin Elmer UV/vis Spectrometer Lambda 19.
TEM measurements were carried out using Philips CM200 FEG\ST-Lorentz electron
microscope equipped with a field emission gun operated at an acceleration voltage of 200 kV.
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Summary and outlook of the thesis
Diverse conformational transitions and aggregations of regioregular head-to-tail
polyhexylthiophene in different environments have been studied by means of AFM and UV-vis
spectroscopy. Specifically, it was found that in hexane which is good solvent for alkyl side chains
and poor for polythiophene backbone PATs molecules undergo ordered main-chain collapse and
one-dimensional aggregation driven by solvophobic interactions. A helical conformation of the
main chain with 12 thiophenes rings per each helical turn has been proposed. Length of the
particles varies from several nanometers to several hundreds nanometers and can be adjusted by
the solvents composition or concentration of PATs. Such well-defined organic semiconductor 1D
particles can be used as building blocks for future nanoscale and molecular level electronic
devices.
Oligothiophenes represent one of the most promising class of semiconductive materials for
FET fabrication because of their good mobility and environmental stability. However, most of
unsubstituted oligothiophenes are insoluble that suppresses their potential industrial utility. The
solubility and the charge carrier mobility, in many cases, represent mutually “antagonistic”
properties since both of them originate from the fundamental property of π-conjugated systems to
pack efficiently into stacks. Molecular engineering provides an unique means for creation of new
materials for so-called plastic electronics. Among the major goals of molecular engineering is the
design of novel conjugated systems which combine good charge carrier mobility, improved
solubility, high environment stability and ability to form desired nano- and mesoscopic
structures. These can be achieved through the judicious design of the substitution pattern.
On the first stage of the work, conformation, crystalline structure, molecular packing and
charge carrier mobility of the highly soluble regiochemically pure β-substituted sexithiophene
were systematically studied. It was found that β,β΄-DH6T possesses moderate PR-TRMC charge
carrier mobility, but rather low field-effect mobility. The investigation showed that such a poor
macroscopic electrical properties of β,β΄-DH6T do not originate neither from the twist of the
conjugated system nor from the crystalline disorder, but rather from low-dense crystalline
packing and “wrong” molecular orientation. To overcome these obstacles two thiophene-based
azomethines were designed to optimize a solubility, self-assembly, and a charge carrier mobility.
The idea was to utilize the ability of the amide group to form strong hydrogen bonds in non-polar
solvents and in solid state, but to be easily broken in presence of polar solvents. Thus, at the stage
of a dissolution and a deposition, when the solubility is important, the hydrogen bonding can be
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“switched off” simply by addition of polar solvents and then, after the removal of polar additives,
the self-assembly can be “switched on”. It was found that incorporation of azomethine and amide
moieties in the α,ω-position, and hexyl chains in β-position of quaterthiophene, indeed
considerably improves the self-assembly properties without suppression of the solubility. Self-
assembly of azomethine oligomers with (QT-amide) and without amide moieties (QT-aniline)
were monitored by UV-vis, XRD, and AFM. It was found that QT-amide, processed from
solution, forms highly ordered layered (terrace) structures. This aggregation mode is similar to
the self-assembly of unsubstituted conjugated oligomers (such as pentacene) occurred upon their
evaporation in vacuum. The sum of charge carrier mobilities (PR-TRMC data) for QT-aniline
was shown to be below the detectable limit, but the mobility of QT-amide was determined to be
1×10-2 cm2 V-1 s-1. The later is comparable with the mobilities of the best organic
semiconductors. All these significant differences in properties of related compounds can be
attributed to the hydrogen bonding between QT-amide molecules responsible for the observed
self-assembly. Although the present study clearly shows that it is indeed possible to control the
self-assembly of conjugated oligomers utilizing directional hydrogen bonding, the electrical
properties of QT-amide are still far from a perfect. The main drawback of β,β΄-DH6T is largely
shifted herringbone crystalline structure originated from the fact that side-substituents emanate
not from each thiophene unit. Although introduction of amide moieties in the α,ω-positions of the
aromatic backbone derives the desired π–stacking of QT-amide molecules, again, loosely packed
β-substituents prevent an optimal crystalline structure. In order to further improve the self-
assembly and electrical properties of organic semiconductors, the following oligomer, β-
hexaalkyl6T-amide (HA6T-amide), contained the solubilizing groups in each thiophene rings and
amide moieties in the α,ω-positions, could be explored. This substance is oligomeric analogous of
regioregular head-to-tail polyalkylthiophene. As in the case of PATs, for HA6T-amide the
herringbone packing is impossible and the formation of π–stacked lamellaes can be expected.
HA6T-amide can be synthesized utilized by a standard chemistry according to the Scheme 1.
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Scheme 1. Synthesis of HA6T.
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